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Abstract 
Sugar cane is a major source of food and fuel worldwide.  Biotechnology has 
the potential to improve sugar cane through genetic engineering.  High levels of 
transgene expression are vital to the success of improving crops through 
biotechnology.  The application of biotechnology in sugar cane can be improved 
through the development of new molecular tools that facilitate high levels of 
constitutive and tissue-specific gene expression.  Intron-mediated enhancement 
(IME) is a process in which an intron enhances gene expression from a promoter.  
Currently, little is known about the mechanism of IME or its potential for enhancing 
gene expression in sugar cane.  This PhD thesis describes the detailed 
characterisation of introns and their potential for enhancing transgene expression in 
sugar cane via IME. 
To examine the functionality of IME in sugar cane, we initially developed a 
transient assay to enable the efficient and detailed assessment of enhancing introns in 
this crop.  Four introns that were previously shown to enhance gene expression in 
other plants; rice polyubiquitin-2 first intron (iOsUbi2), rice polyubiquitin-3 first 
intron (iOsUbi3), maize polyubiquitin-1 first intron (iZmUbi1) and rice actin-2 first 
intron (iOsActin2), were initially used to examine IME in sugar cane.  The IME 
potential of these introns in sugar cane was assessed in combination with different 
promoters that regulated expression of a GUS reporter gene.  Young sugar cane leaf 
segments were transiently transformed with various promoter-intron-reporter 
constructs using microprojectile bombardment, and transient GUS activity was 
determined using both a semi-quantitative histochemical assay as well as a 
quantitative fluorimetric assay.  All four introns increased gene expression in sugar 
cane when present in the 5’ UTR of the expression vectors.  The enhancing activities 
of these introns were abolished when the introns were placed upstream of the 
promoters, indicating that these introns were enhancing gene expression via IME and 
not by acting as traditional enhancer elements.  These results demonstrated that IME 
was functional in sugar cane, and may be a useful molecular tool for improving gene 
expression in this important crop. 
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The iOsUbi2 was found to be a relatively strong enhancing intron based on 
results from the sugar cane transient assay.  This intron enhanced transient GUS 
accumulation in sugar cane leaf approximately 3- to 15-fold when combined with the 
maize polyubiquitin-1 promoter (Zm-Ubi1) lacking the 5’ UTR intron (ZMUBI1), the 
banana bunchy top virus-4 (BBTV4) promoter, and the stem-preferred sugar cane 
hybrid dirigent (SHDIR16) promoter.  The different enhancing abilities of introns 
suggest that specific sequences may be responsible for IME activity with some 
introns having more stimulatory signals than others.  The identification of specific 
sequences that function in IME will lead to a better understanding of the mechanism 
involved in enhancing gene expression, and will also be useful for developing 
optimised introns for the improvement of transgene expression in sugar cane.  To 
identify sequences within the iOsUbi2 that stimulate IME in sugar cane, we 
examined the enhancing activity of nine different OsUbi2 intron deletions using the 
transient sugar cane leaf assay.  The results indicated that sequences within iOsUbi2 
that were important for IME were redundant and dispersed throughout the intron, but 
were more prevalent in the 5’ end.  In silico analysis of the iOsUbi2 sequence 
identified a specific motif (GATT) that met these criteria, and is therefore a good 
target for future studies using point mutagenesis.  
While specific intron sequences may be required for IME, there may be 
additional intron characteristics that are associated with enhancing activity.  The 
identification of such characteristics will be extremely valuable because it may 
enable the rapid identification of sequences that can improve gene expression, and it 
may also assist in creating introns with higher enhancing activity.  Intron 
characteristics that have been suggested to potentially play a role in IME are intron 
length, free energy score, IMEter score, and expression of the native gene from 
which the intron originates.  To investigate whether specific intron features are 
associated with IME, and can be used to predict an intron’s transgene enhancing 
potential, we cloned and characterised 13 novel introns from maize that possessed a 
range of different characteristics.  Six of the novel maize introns were capable of 
enhancing gene expression in sugar cane.  Three of the introns enhanced transgene 
expression to levels comparable with that of iOsUbi2, and are therefore good 
candidates for use in sugar cane biotechnology.  Expression of the native maize gene 
was shown to be a useful characteristic for identifying introns with a high probability 
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of having IME activity.  None of the other intron features examined (IMEter score, 
intron length, and minimum free energy) showed any correlation with IME activity. 
While transient assays are a valuable tool for the efficient characterisation of 
gene expression in plants, data from stable transgenic plants are vital to better 
understand the potential for IME in sugar cane biotechnology.  To assess the 
potential for introns to increase gene expression in stably transformed sugar cane 
plants, we generated transgenic events for five different promoter-intron 
combinations by microprojectile bombardment.  The SHDIR16 promoter gave 
similar levels of expression in the leaf and stem of mature sugar cane plants, and 
therefore did not provide the stem preferred expression previously reported for this 
promoter.  However, the iOsUbi2 improved the performance of the SHDIR16 
promoter in transgenic sugar cane by increasing the percentage of transgenic plants 
with detectable GUS accumulation, and by boosting transgene expression up to 27-
fold in the stem, thereby restoring the stem-preferred expression of this promoter.  
The OsUbi2 intron was also shown to increase the mean level of GUS accumulation 
from the ZMUBI1 promoter in leaves of transgenic plants by 5-fold relative to the 
intron-less control.  Deletions that removed substantial portions of iOsUbi2 were also 
shown to enhance gene expression in transgenic sugar cane.  This work not only 
demonstrated that introns have the potential to improve gene expression in transgenic 
sugar cane, but it also helps validate the utility of the transient assay that was used as 
a screening tool for characterising IME in sugar cane. 
The work presented in this thesis provides the first in-depth study on the use of 
introns as a tool to improve transgene expression in sugar cane via the phenomenon 
of IME.  In addition, this research has resulted in the identification of novel 
enhancing introns that can be used in biotechnology applications for this important 
crop.    
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Chapter 1: Literature review 
 INTRODUCTION 1.1
Sugar cane is an important crop grown as a source of food and energy 
worldwide, and it is also a vital source of revenue for many developing countries.  
Cultivated primarily for its sugar rich stalks, sugar cane accounts for 75% of the 
world’s sugar production [1], and is second to the cereal grains as the largest source 
of dietary carbohydrate for human consumption [2].  World raw sugar production 
was estimated at more than 157 million tonnes for the period 2009/2010 [3].  
Australia’s sugar cane industry generates 32-35 million tonnes of cane per year, 
which is primarily processed into raw sugar.  Sugar is one of Australia’s primary 
rural industries, and contributes more than AUD$1.5 billion per annum to the 
Australian economy [4].  Approximately 80% of Australia’s total raw sugar 
production is exported, which makes its sugar industry highly vulnerable to 
international competition and sugar price fluctuations [4].  Therefore, the Australian 
sugar cane industry depends on its competitiveness in the world market for 
sustainability.  The Australian sugar cane industry could improve its competitiveness 
by developing sugar cane varieties for alternative products other than sugar.  
Biotechnology holds great potential for the diversification and sustainability of the 
sugar cane industry through the development of transgenic varieties with the 
following improvements: 
 Engineered as a biofactory for the production of pharmaceuticals, high 
value proteins, and industrial products 
 Engineered to express cellulolytic enzymes for the cost-effective 
production of cellulosic ethanol  
 Engineered for increased sugar content, resistance to pests and diseases, 
and other improved agronomic traits 
Some major challenges with genetic engineering in sugar cane are the 
variability of transgene expression from promoters and the availability of functional 
promoters to facilitate high levels of constitutive or tissue-specific gene expression. 
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Current approaches for transgene expression typically use a promoter to drive the 
expression of a coding sequence lacking introns.  This artificial approach for 
expressing transgenes is not ideal, especially considering the mounting evidence 
showing that introns can play an essential role in the regulation of gene expression. 
Numerous studies have highlighted the potential for introns to enhance gene 
expression in both plants and animals [5-9].  The ability of introns to enhance gene 
expression from a promoter is termed “intron-mediated enhancement” or IME [9].  
The exact mechanism involved in IME is not yet known, and furthermore, no 
detailed analyses on the potential for IME to improve gene expression in sugar cane 
have been carried out.  A better understanding of the mechanisms involved in IME 
may help to further develop this expression enhancing technology.  
The overall objective of this research project was the development of 
molecular tools that can be used to improve transgene expression in sugar cane.  
Successful outcomes from this research have the potential to directly improve sugar 
cane biotechnology.  These improvements will assist in the creation of transgenic 
varieties with superior characteristics that will help the sustainability of the sugar 
cane industry by enabling the production of other products besides sugar.  Finally, 
improved gene expression technologies that may result from this project have the 
potential to improve plant biotechnology in other important crops in addition to sugar 
cane. 
 SUGAR CANE BIOTECHNOLOGY 1.2
Sugar cane has long been an important source of food and food additive 
worldwide.  In more recent times, as the search for alternative energy turns to 
renewable sources, sugar cane has become a valuable source for fuel as well.  In the 
last half century, world sugar production has more than doubled [10].  Sugar cane 
accounts for more than 75% of the global sugar production [1], and supports the 
economic wellbeing of many developing countries in Latin America, the Caribbean, 
Asia, and the Pacific [11].  Sugar is used mainly as a food sweetener, preservative 
and flavour enhancer.  It is also used as a food source for microbes such as yeast that 
can be used to produce a variety of products via fermentation.  Most of the world’s 
biofuel currently comes from ethanol that is derived from the fermentation of sugar 
extracted from sugar cane.  Sugar cane bagasse, the residue remaining after 
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extraction of the juice, is a large potential source of biomass that can be utilised to 
produce bioethanol through second generation technologies. 
The improvement of sugar cane through conventional breeding has proven to 
be labour intensive and time consuming.  While breeding has been successful in 
increasing crop production, little progress has been made in increasing sugar content 
of modern cultivars over the last four decades [11].  This is largely due to the 
complexity of the sugar cane genome, the difficult process of crossing through to 
selection, and the limited genetic base of modern varieties [11, 12].  Biotechnology 
holds great potential in overcoming these factors for the improvement of sugar cane.  
Thus, genetic engineering has the potential to play an important role in the 
sustainability of the sugar cane industry through the development of alternative 
marketable products.   
The large amount of biomass that can be obtained from sugar cane make it an 
ideal candidate to be used as a biofactory [11, 12] for the production of alternative 
sugars, pharmaceuticals, high-value proteins, and industrial products [11].  Studies 
by Wu and Birch [1] showed that high-value sucrose isomers such as isomaltulose 
(α-D-glucopyranosyl-1,6-D-fructofuranose) could be produced in sugar cane and 
extracted in sugar cane juice.  Sugar cane has also been successfully used for the 
production of compounds such as p-hydroxybenzoic acid (pHBA) [13] and poly-3-
hydroxybutyrate (PHB) [14-18] for the production of thermotropic polyester and 
biodegradable plastic, respectively.  However, current levels of accumulation are not 
considered commercially feasible.  Recent studies by Petrasovits et al. [16] found 
levels of PHB production as high as 4.8% of leaf dry weight from constructs using 
the maize chlorophyll A/B binding protein promoter to drive expression of a three 
biosynthetic genes phaA, phaB, and phaC in a multi-gene construct design.  This 
level was 2.5 times higher than what they previously reported in sugar cane [14, 15].  
However, phenotypic differences were observed relative to wild types, including 
reduction in biomass and chlorosis [16].   
Sugar cane has a future role in the supply of the world’s bioenergy.  As the top 
ranked biomass producing perennial plant [11] the development of transgenic sugar 
cane for cellulosic ethanol production would significantly reduce greenhouse gas 
emissions and biofuel production costs.  Currently, the high cost of producing 
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enzymes to break down cellulose into fermentable sugar for the production cellulosic 
ethanol is a major constraint in the sustainable production of this second generation 
biofuel.  One way to substantially reduce enzyme cost is to genetically engineer 
plants to produce these enzymes [19, 20].  Biotechnology also has great promise for 
the development of improved sugar cane varieties for resistance to pests and diseases 
[11, 12].  The expression of proteins at high levels is necessary to make the 
improvement of sugar cane via biotechnology commercially viable.  Currently, 
biotechnology of sugar cane has been hindered by an inability to support reliable, 
high levels of transgene expression.  Therefore, the development of additional 
molecular tools for improving gene expression would be very beneficial for 
biotechnology applications in sugar cane.  
 REGULATION OF GENE EXPRESSION 1.3
Gene regulation involves the modulation of the different steps of the gene 
expression process, and gives the cell control over structure and function.  It is the 
basis for cellular differentiation, morphogenesis as well as the versatility and 
adaptability of any organism [21].  The control over the timing, location and amount 
of gene expression can have a profound effect on the action of the gene in a specific 
cell or tissue of an organism [21].  Gene expression involves the decoding of genetic 
information from DNA for the synthesis of protein (or functional RNAs), and is a 
multi-step process involving transcription, post-transcriptional processing of 
messenger RNA (mRNA), translation, and post translational protein modification.  
1.3.1 Transcriptional regulation 
1.3.1.1 The role of promoters in gene regulation 
The process of transcription, whereby the genetic information contained in the 
DNA is transcribed into mRNA, is facilitated by the promoter [22].  The promoter is 
a DNA element located upstream of a gene, which plays a key role in the 
transcriptional regulation of that gene.  The promoters of many eukaryotic genes are 
comprised of a core promoter sequence consisting of the TATA box (or the Goldberg 
Hogness box) [23], which is located approximately 25 to 30 base pairs upstream of 
the transcription start site (TSS, base pair +1).  The TATA box is a conserved DNA 
sequence (5’-TATAAA-3’ or a variant) in the promoter region that is recognised by 
the general transcription factors (GTFs), and serves to recruit RNA polymerase II 
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(RNAPII) to form the transcription pre-initiation complex to start transcription.  
GTFs are trans-acting regulatory proteins that bind to either DNA and/or other 
regulatory proteins to help initiate transcription [24, 25].  During transcription pre-
initiation, the largest of the general transcription factors, Transcription Factor II D 
(TFIID), binds to the TATA box via its TATA Binding Protein (TBP).  Binding of 
TFIID subsequently enables the assembly of five other transcription II factors 
(TFIIA, TFIIB, TFIIE, TFIIF and TFIIH), which results in a protein complex that 
recruits RNAPII for transcription initiation [22, 25, 26].  Another general 
transcription factor, DNA helicase, is involved in the separation of the double 
stranded DNA, and is also recruited to the pre-initiation complex [22, 25].  Other 
proteins (activators, co-activators, repressors, and co-repressors) are also bound to 
the pre-initiation complex to regulate transcription by promoting or blocking the 
recruitment of RNAPII to specific genes [22].  
Other promoter elements such as the CAAT box consensus sequence and gene-
specific response elements exist in close proximity, and mainly upstream, to the 
TATA box to affect the level, rate, timing, and tissue specificity of transcription [27].  
While the CAAT box is usually located 70 to 80 base pairs upstream of the TSS, the 
gene-specific response elements vary in location as well as length in the promoter 
region.  The CAAT box and gene-specific response elements are not required for 
transcription initiation, but regulate transcription by binding to specific transcription 
factors [27, 28].  Specific transcription factors regulate transcription by binding to 
the CAAT box, other promoter elements (excluding the TATA box) as well as gene 
enhancers.  These transcription factors are vital in regulating tissue specificity, 
timing and levels of transcription in response to plant growth requirements [28]. 
1.3.1.2 The role of enhancers in gene regulation 
Enhancers are short regions of DNA that can be bound with specific 
transcription factors to increase transcription levels of a gene or a cluster of genes 
[29].  While enhancers typically are cis-acting, they are also capable of functioning 
when located on a separate chromosome.  Although enhancers may often be located 
far from the gene with regard to the number of nucleotides, the chromatin packing of 
DNA can geometrically place the enhancers close to the promoter and genes that 
they regulate [22, 29].  The enhancer does not act directly on promoter regions, but is 
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bound by activator proteins (specific transcription factors) that interact with the 
general transcription factors and RNAPII, which then initiate transcription.  An 
enhancer may be located at a distance either upstream or downstream of the TSS for 
the gene it regulates, and its orientation may be reversed without affecting its 
function [29].  Additionally, an enhancer may be excised and inserted elsewhere in 
the chromosome and still affect gene transcription.  Enhancers can also be found 
within introns [30, 31]. 
1.3.1.3 Promoter functionality in sugar cane 
Several promoters have been reported to give detectable levels of transgene 
expression in transgenic sugar cane.  For some of the promoters that have been 
shown to be functional in sugar cane, gene expression levels were relatively modest 
[11, 32], highly variable [12] and may be prone to gene silencing as the plant matures 
[32-35].  The constitutive maize polyubiquitin-1 (Zm-Ubi1) promoter [36, 37], has 
been the most commonly used promoter in sugar cane [12, 38], producing 
significantly higher levels of expression compared to the cauliflower mosaic virus 
35S (CaMV35S) promoter [39], considered to be the most active promoter in dicots 
[11, 12].  Several studies have focused on using constitutive promoters from other 
monocots as an alternative to the Zm-Ubi1 promoter for driving gene expression in 
sugar cane.  Hansom et al. [32] reported that the rice Actin-1 promoters gave little 
expression in transgenic sugar cane.  Studies by Liu et al. [40] showed that GUS 
expression in stably transformed sugar cane was increased by 1.6-fold in young 
transgenic sugar cane using the rice polyubiquitin-2 (RUBQ2) promoter compared to 
expression from the Zm-Ubi1 promoter.  While, this promoter may have potential for 
constitutive expression in sugar cane, expression in mature plants was not assessed.  
A more recent study showed that a promoter derived from the Cestrum yellow leaf 
curling virus was able to drive constitutive transgene expression in transgenic sugar 
cane to levels higher than the Zm-Ubi1 promoter [38].  Viral promoters reported to 
drive transgene expression in sugar cane include the banana streak badnavirus (BSV) 
[39, 41] and the sugar cane bacilliform viral (SCBV) promoter [42]. 
Although the benchmark Zm-Ubi1 promoter [37] may be routinely used in 
sugar cane biotechnology [1, 13, 14, 43, 44], it is not an appropriate promoter when 
tissue-specific expression is required.  The development of inducible and tissue-
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specific promoters is beneficial when constitutive expression of the transgene is 
detrimental to plant growth and development.  Kinkema et al. [45] reported an 
ethanol inducible gene switch capable of controlling transgene expression in sugar 
cane.  The maize phosphoenolpyruvate carboxylase (Zm-PepC) promoter was shown 
to drive high levels of transgene expression specifically in the leaves of transgenic 
sugar cane [19, 38].  The maize chlorophyll A/B-binding protein promoter (cab-m5) 
was used to drive expression of three biosynthetic genes phaA, phaB and phaC, 
which resulted in the accumulation of PHB to levels as high as 4.8% of leaf dry 
weight in transgenic sugar cane [16].  Identifying promoters capable of driving high 
levels of gene expression preferentially in the sugar cane stem is also beneficial for 
sugar cane biotechnology.  Sugar cane stem consists of a substantial amount of 
biomass in addition to sucrose, and can potentially be engineered for the 
accumulation of substantial quantities of high value products.  The sugar cane 
dirigent gene (SHDIR16) and o-methyltransferase gene (SHOMT) involved in 
defense and lignification, respectively, were identified from a DNA microarray study 
by Damaj et al. [46] to be expressed at high levels in the sugar cane stem.  The 
promoters (pSHDIR16 and pSHOMT) from these stem-preferred genes were used to 
drive expression of GUS in stably transformed sugar cane.  These promoters were 
found to successfully drive expression of GUS in four-month old transgenic sugar 
cane plants, and this expression was significantly higher in the stem relative to the 
leaves and roots.  Other promoters shown to drive stem-preferred transgene 
expression include those for the sugar cane loading stem genes (ScLSG) [47], sugar 
cane CBL-interacting protein kinase gene (ScCIPK) [48] and sugar cane R1MYB1 
(ScR1MYB1) gene [48]. 
Other native promoters from sugar cane genes have been shown to function in 
driving transgene expression in this crop.  Work by Tang et al. [49] showed that the 
promoters of two sugar cane ribulose-1,5-bisphophate small subunit (ScRbcS) genes 
were able to drive transgene expression preferentially in the leaves of sugar cane, 
however the expression from these promoters was lower than from the Zm-Ubi1 
promoter.  In another study, GUS reporter gene expression from two sugar cane 
polyubiquitin promoters (ubi4 and ubi9) was reduced to very low or undetectable 
levels as the plants matured [50].  A similar pattern of expression was also observed 
for the Zm-Ubi1 promoter in this study, and it was suggested that transcriptional gene 
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silencing may be triggered after or during plant regeneration and be responsible for 
the reduction in gene expression.  Transgene silencing in sugar cane has been 
reported for several promoters such as the rice actin-1, sugar cane rsp, artificial Emu, 
sugar cane ScR1MYB1 and banana streak badnavirus [16, 33, 34].  It has been 
suggested that sugar cane may be prone to gene silencing due to the polyploid nature 
of its genome [12, 34, 47]. 
1.3.2 Post-transcriptional regulation 
1.3.2.1 Messenger RNA processing 
1.3.2.1.1 5’ capping and 3’ polyadenylation 
The expression of genes in eukaryotes is regulated not only by transcriptional 
control machinery such as promoters, enhancers, and their associated transcription 
factors, but also by the post-transcriptional processes of 5’ capping, intron splicing 
and 3’ polyadenylation [21].  The addition of the 5’ cap is the first step in the pre-
mRNA processing and it occurs shortly after the start of transcription, after 
approximately 20 to 30 nucleotides of the pre-mRNA has been synthesised [51].  The 
5’ cap serves as an important site for recognition by ribosomes and the initiation of 
translation, and for protein complexes that protect the mRNA from degradation by 
RNAse.  At the end of the mRNA transcript, a long sequence of adenine nucleotides 
known as the 3’ poly(A) tail is also added in a process known as polyadenylation.  A 
consensus sequence 5’-AAUAAA-3’ in the 3’ UTR of most eukaryotic genes is 
recognised by the polyadenylation multi-protein complex that cleaves the RNA and 
subsequently adds up to 200 adenosine nucleotides to the end of the mRNA [52].  
The 3’ poly(A) tail serves to protect the mRNA from degradation by exonucleases, 
and also assists in mRNA export to the cytoplasm for the synthesis of protein. 
1.3.2.1.2 Messenger RNA intron splicing 
The primary RNA (pre-mRNA) contains exons (coding regions) that are 
interrupted by introns (non-coding regions) which are removed from the pre-mRNA 
to yield mature mRNA through the process of mRNA splicing.  The accurate splicing 
of introns is critical to ensure that the proper amino acid sequence of the encoded 
protein is synthesised [53, 54].  However, alternative splicing can also occur, which 
can result in multiple proteins from one gene [54].  Furthermore, splicing is known to 
result in the deposition of exon-intron junction protein complexes (EJC) on the 
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mature mRNA [55].  The EJC plays an important role in the post-transcriptional 
regulation of gene expression by influencing processes such as RNA transcript 
surveillance (to ensure fidelity and quality of mRNA), nuclear export, cytoplasmic 
localisation, and ribosome binding [56].  In animal studies [57] it was shown that 
mRNA transcript derived from constructs containing cDNA (i.e. lacking introns) for 
some genes failed to exit the nucleus.  However, when introns were introduced into 
the transcribed region of the same genes, the mRNA transcripts efficiently entered 
the cytoplasm and were translated into protein.  This finding was attributed to the 
recruitment of the export factors to the EJC of spliced mRNA.  However, although 
intron splicing can enhance nuclear export of transcripts, it is not an absolute 
requirement as other export factors interact with mRNA independently of splicing 
[58, 59].  The functions of the EJC have been based on animal studies up to present.  
Although the importance of the EJC has not yet been demonstrated in plants, 
homologs of proteins involved in the EJC in animals have been identified in plants 
[60].  
The splicing of introns from the mRNA is carried out by the spliceosome 
complex made up of small nuclear RNA (snRNA) and various protein subunits [21] 
that recognise particular sequences at and around the exon-intron junctions [54, 61].  
The mechanism used by the splicing machinery to identify the correct exonic and 
intronic regions for splicing in plants is not well defined [54].  The four main intron-
defining signals vital for splicing are the 5’ and 3’ conserved dinucleotide sequences 
GU and AG, respectively, the 3’ polypyrimidine tract, and the branch point sequence 
(CURAY; R=purine, Y=pyrimidine) located 17 to 40 nt upstream of the 3’ splice site 
[62, 63].  The presence of these short consensus sites are crucial, but not sufficient 
for recognition of splice sites [54].  In animals, some exonic sequences have also 
been identified that influence splicing by acting as a recognition point for the splicing 
regulators that are involved in assembling of the splicing machinery [54].  In plants, 
however, little is known about specific exonic sequences that are important for 
splicing except that plant exons tend to be GC rich.  Consequently, splicing in plants 
is thought to be intron defined such that the intron sequences are recognised by the 
splicing regulators that recruit the various components of the splicing machinery [54, 
64]. 
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1.3.2.2 Intron-mediated Enhancement (IME) 
Numerous studies have highlighted an important role for introns in enhancing 
gene expression in both plants [6-9, 36, 65-75] and animals [5, 76].  In plants, select 
introns have been shown to be capable of enhancing gene expression up to 272-fold 
[6].  The ability of introns to enhance gene expression from a promoter is termed 
“intron-mediated enhancement” or IME [9].  The mechanism involved in IME is not 
yet elucidated, but it is clear that introns function differently than the traditional 
transcriptional enhancers.  Traditional enhancers affect gene expression regardless of 
their location and orientation relative to the transcribed gene [77-80].  In contrast, 
IME is dependent on the location and orientation of the enhancing intron such that it 
needs to be present in its native forward orientation, and within the transcribed 
region (preferably in the 5’ UTR or within 1 kb of the transcriptional start site) [9, 
65, 70, 80-83].  A study by Akua et al. [6] showed that the deletion of the  
Arabidopsis vacuolar metal/proton exchanger (AtMHX) gene 5’ UTR leader intron 
almost completely abolished GUS gene expression from the 1102 bp AtHMX 
promoter.  Placing the intron upstream of the AtHMX minimal promoter region did 
not increase GUS expression relative to the intron-less constructs, suggesting that the 
intron enhanced expression via IME and not as a transcriptional enhancer [6].  
Studies by Mascarenhas et al. [9] showed that expression of the bacterial 
chloramphenicol acetyl transferase (CAT) reporter gene by the CaMV35S promoter 
was increased up to 12-fold and 20-fold in maize protoplasts when the maize alcohol 
dehydrogenase-1 (Adh1) introns 2 and 6 were placed in the 5’ UTR, respectively.  
No expression was seen when these introns were placed upstream of the promoter or 
within the 3’ UTR.   
A number or studies have demonstrated that certain promoters cannot function 
well in the absence of their first intron.  For example, expression from the Zm-Ubi1 
promoter was substantially reduced when the 5’ UTR intron was removed [67].  The 
first intron has also been shown to be essential for full expression from the maize 
Shrunken 1 (Sh1) [70], maize alcohol dehydrogenase-1 (Adh1) [65], and maize root 
hair defective 3 (ZmRDH3) [84] promoters.   
Previous studies in both monocots and dicots demonstrated IME for various 
promoter-intron combinations [65, 67, 70, 80, 85].  Some evidence suggests that 
Chapter 1: Literature review 
11 
 
enhancing introns function more efficiently in the presence of their native promoter 
and exon sequences [7, 65, 69].  This could be attributed to efficient intron splicing 
[86, 87], as splicing sites are less likely to be altered/disturbed when enhancing 
introns are adjacent to their native exon sequences.   
The importance of splicing of enhancing introns on gene expression is 
currently not fully understood [6].  However, much of the evidence indicates that 
although intron splicing per se is not sufficient for IME [6, 53], efficient splicing is 
essential for full enhancing activity [6, 88, 89].  Studies by Akua et al. [6] found that 
while the Arabidopsis AtHMX leader intron enhanced expression 272-fold from the 
AtHMX promoter in Arabidopsis plants, only low levels of enhancement (5-fold) 
were observed in the intron-unspliced construct that had mutated 5’ and 3’ splice 
sites.  In maize, splicing of the maize Sh1 first intron conferred up to 25-fold higher 
expression from the cauliflower mosaic virus 35S promoter compared to the 
unspliced version [86].  It has been suggested that the lower levels of gene 
expression in unspliced transcripts may be the result of non-sense mediated decay 
(NMD) of aberrant mRNA due to internal ATG or termination codons [90].  
However, point mutations that eliminated the ATG codons within the Sh1 intron [86] 
were used to discount this NMD theory, and more clearly demonstrate that splicing 
itself was necessary for enhancement.  A recent study by Christie et al. [91] has shed 
light on one potential mechanism by which intron splicing may enhance gene 
expression.  They showed that, compared to intron-less transcripts, the spliced 
transcripts were less effective substrates for RNA-dependent RNA polymerase 6-
mediated gene silencing.   
Evidence suggests that IME acts mainly at the post-transcriptional level by 
increasing the amount of steady state mRNA without significantly effecting mRNA 
stability [9, 65, 70, 90, 92-94].  Previous studies have shown that mutations of the 5’ 
splice sites and elimination of branch point sequences can reduce the degree of 
mRNA accumulation and a complete loss of IME [53].  Attempts to further the 
understanding of the mechanism behind IME have involved the analysis of intron 
sequences through strategic deletions along the intron.  In some cases, these studies 
have found that large portions of an intron can be deleted without significantly 
reducing the intron’s enhancing ability [6, 70, 90, 95].  When up to 75% of two 
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maize introns (Adh1 intron 1 and Actin intron 3) were deleted, neither the splicing or 
enhancing activity of these introns were affected in cultured maize cells [88].  In 
Arabidopsis, overlapping deletions spanning the full length of the first intron of the 
Arabidopsis tryptophan synthesis pathway gene (PAT1) showed mRNA 
accumulation comparable to that of the full length intron, indicating that all intron 
sequences were individually dispensable for IME [90].  These findings suggested 
that if there were specific enhancing sequences responsible for IME, they were likely 
redundant and dispersed along the intron [90].  In one case, deletion analysis of the 
maize Sh1 intron 1 [86] identified a redundant 35 bp motif within this intron that is 
required for high levels of enhancement.  Interestingly, this enhancing motif was 
characterised as being T-rich rather than having a defined nucleotide sequence. 
A genome-wide analysis of Arabidopsis thaliana identified particular intron 
sequences that may be responsible for gene expression enhancement [96].  This study 
by Rose et al. [96] developed an IME computational analysis (IMEter) of intron 
sequences for both Arabidopsis and rice genes.  This bioinformatics approach 
revealed differences in the sequence composition of promoter-proximal and -distal 
introns.  Since introns closer to the promoter are more commonly associated with 
IME, it was hypothesised that the unique sequences in promoter-proximal introns 
may be involved in the enhancement of gene expression.  As such, it was 
hypothesised that the degree in which an individual intron matches the first intron’s 
profile was a strong predictor of its ability to increase expression.  This 
bioinformatics approach identified a potential enhancing motif (5’-TCGATC-3’) that 
was abundant in the promoter-proximal introns of rice [96].  Interestingly, a similar 
motif was also identified in promoter-proximal introns of Arabidopsis [96], 
suggesting some conservation of these signals between monocots and dicots.  The 
results from this bioinformatics approach were encouraging, but no substantial 
functional analyses were carried out to support the conclusions.  In a more recent 
paper by the same laboratory [58] it was shown that the IMEter scoring method was 
flawed as the scores often did not correlate with the known enhancing activity of an 
intron.  Consequently, a second version of IMEter (IMEterV2) was proposed 
whereby the enhancing activity of an intron was determined using a sliding window 
approach within the intron sequence [58].  This method gave a higher score when the 
predicted enhancing sequences were located near the 5’ end of the intron.  As with 
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the original IMEter, no detailed functional analyses were carried out to support the 
new scoring system. 
1.3.3 Translational regulation of gene expression 
The process of translation is the stage in the gene expression process in which 
the genetic information encoded by RNA is translated into polypeptide chains for the 
synthesis of functional proteins.  The processed mRNA transcript of the gene is 
transported from the cell nucleus to the cytoplasm where translation is carried out by 
the ribosomes in connection with transfer RNA (tRNA).  The efficiency of the 
translation process is controlled by the number of times the mRNA is completely 
translated and is regulated by translation rate, the chances of translation initiation and 
the life span of the mRNA [61].  Consequently, the synthesis of proteins is greatly 
dependent on the status and quality of the mRNA transcript.  As such, gene 
expression at the translational level is extensively influenced by the combined effect 
of processes affecting mRNA synthesis like promoters and enhancers, as well as 
mRNA processing involving intron splicing, 5’ end capping and 3’ end 
polyadenylation.  Furthermore, in animals, splicing is known to deposit protein 
complexes at the exon junctions which promote nuclear export of mRNA and 
recognition by the ribosomes for translation [56]. 
 TRANSGENE EXPRESSION 1.4
The successful application of biotechnology in sugar cane relies on the 
availability of functional promoters that can drive high levels of transgene 
expression.  Currently, there are a relatively limited number of promoters that have 
been demonstrated to drive high and consistent levels of constitutive or tissue–
specific transgene expression in sugar cane.  The availability of promoters that drive 
tissue-specific transgene expression is vital when developing transgene expression 
vectors that target certain organs such as the stem in sugar cane.  Tissue-specific 
gene expression may be required when constitutive expression of the transgene is 
detrimental to the development of the plant.  
One of the constraints with the development of good transgene expression in 
sugar cane is the susceptibility to gene silencing [33, 34, 97], which has been 
attributed to the polyploid nature of the sugar cane genome [12, 97].  Several 
Chapter 1: Literature review 
14 
 
promoters have been reported to give reasonable levels of transgene expression in 
young transgenic sugar cane (Section 1.3.1.3), however many of these have not been 
comprehensively evaluated for consistent high level expression in mature plants or in 
subsequent generations of sugar cane.  The constitutive Zm-Ubi1 promoter [37] has 
been routinely used in sugar cane biotechnology [1, 13, 14, 43, 44], however it has 
been shown to be susceptible to gene silencing [50].  Transgene silencing in sugar 
cane has also been shown with other promoters such as the rice actin-1, sugar cane 
rsp, artificial Emu and Osa promoters [33]; the Cavendish banana streak virus 
promoter [16]; and also the sugar cane ScR1MYB1 promoter [34].  The development 
of new tools that can improve on the current levels of transgene expression obtained 
from the Zm-Ubi1 promoter and other promoters will benefit the genetic engineering 
of sugar cane.   
Several molecular tools have been identified that improve transgene expression 
from different promoters.  A study by Jackson et al. [98] investigated transgene 
design rules to create silencing-resistant transgenes from silencing-susceptible native 
gene versions.  The designs were tested with the beetle luciferase (LUC) and 
bacterial isomaltulose synthase (IMS) genes expressed in transgenic sugar cane calli.  
Designs tested included the removal of rare codons, removal of RNA instability 
sequences, blocking putative endogenous sRNA binding sites and randomisation of 
non-rare codons.  These factors were tested independently or in combination, and the 
results showed that removal of RNA instability sequences greatly reduced transcript 
degradation leading to increased and sustained gene expression in transgenic sugar 
cane calli [98].  Gao et al. [99] enhanced transient and stable transgene expression in 
sugar cane by co-expressing  plant viral RNA silencing suppressors.  The use of 
linear minimal gene cassette (MGC) designs with two terminators was shown by 
Beyene et al. [100] to enhance and stabilise transient expression of enhanced yellow 
fluorescent protein (EYFP) in sugar cane leaf segments via biolistics.  In a recent 
study by Kinkema et al. [38], expression of the GUS transgene was significantly 
improved in transgenic sugar cane by codon optimisation of the GUS coding 
sequence.  Furthermore, the addition of a dual transcriptional enhancer upstream of 
the Zm-Ubi1 and Zm-PepC promoters substantially increased transgene expression in 
transgenic sugar cane over that of the promoters lacking this sequence [38].   
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 CONCLUSIONS 1.5
The advancement of sugar cane biotechnology will help in the development of 
novel sugar cane varieties that may play an important role in the viability and 
sustainability of the sugar cane industry.  The development of additional molecular 
tools for improving transgene expression will be beneficial for the improvement of 
sugar cane via genetic engineering.  The role of introns in enhancing gene expression 
(IME) from numerous promoters has been reported in studies in both monocots and 
dicots.  Therefore, the use of introns may prove to be a useful approach for 
improving transgene expression in sugar cane, and thereby assist in the application of 
biotechnology to this important crop. 
 RESEARCH OBJECTIVES 1.6
The overall objective of this PhD research project was to develop improved 
expression technologies that could be used to obtain reliable, high levels of transgene 
expression in sugar cane.  This objective was accomplished through the following 
specific aims: 
Aim 1: Determine the potential of IME to increase transgene expression in sugar 
cane using a transient assay 
Aim 2: Identify intron sequences involved in IME in sugar cane 
Aim 3: Identify novel enhancing introns, and investigate intron characteristics that 
are associated with IME  
Aim 4: Determine the potential of IME to increase gene expression in transgenic 
sugar cane 
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Chapter 2: Materials and methods 
 GENERAL MATERIALS 2.1
2.1.1 Sources of reagents 
All laboratory chemicals including plant tissue culture media, plant growth 
regulators, PCR and RT-PCR reagents were sourced from scientific supply 
companies including Sigma-Aldrich (Aus), VWR International (Aus), Merck-
Millipore (Aus), Life Technologies (Aus), Bio-Rad (Aus), Thermo Scientific (Aus) 
and Promega (USA).  All restriction enzymes and DNA molecular markers were 
manufactured by Roche Diagnostics (Aus) or New Englands Biolabs (USA). 
2.1.2 Oligodeoxyribonucleotide synthesis 
All oligonucleotides were synthesised by Geneworks and supplied at a 
concentration of 100 µM.  Primers were diluted to a 20 µM working concentration 
prior to PCR 
2.1.3 Cloning vector 
The pBluescript II SK(-) (Stratagene) phagemid was used as the cloning vector 
for all expression cassettes.  The vector contained a multiple cloning site, an 
ampicillin antibiotic resistance marker and an Escherichia coli (E. coli) origin of 
replication. 
2.1.4 Bacterial strain 
The E. coli strain XL1 Blue (Stratagene) was used for all recombinant plasmid 
cloning. 
2.1.5 Source of plant material 
Sugar cane tops and stalks used for the production of callus and wild type stock 
plants were sourced from the variety KQ228 grown in BSES (Bureau of Sugar 
Experiment Stations), Sugar Research Australia sugar cane fields in Meringa, 
Queensland. 
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2.1.6 General stocks and working solutions 
 Agarose gel loading dye (6X): 0.25% (w/v) bromophenol blue, 0.25% 
(w/v) xylene cyanol, 30% (v/v) glycerol, 0.15 M EDTA pH 8 
 CHCl3:IAA: chloroform and isoamyl alcohol at a ratio of 24:1 (v/v) 
 CTAB Buffer: 1% (w/v) sarcosine, 0.8 M NaCl, 0.022 M EDTA pH 8.0, 
0.22 M Tris-HCl pH 7.8, 0.8% (v/v) CTAB, 0.14 M mannitol 
 GUS extraction buffer: 50 mM Na2HPO4 (pH 7), 10 mM DTT 
(Dithiothreitol), 1 mM Na2EDTA, 0.1% (v/v) SDS, 0.1% (v/v) Triton™ X-
100 and Dowex® 1X2-400 (Dow chemical company) 
 GUS staining solution: 50 mM NaPO4, 0.01 M EDTA, 0.5 mM 
potassium ferrocyanide, 0.5 mM potassium ferricyanide, 0.1% (v/v) 
Triton™ X-100 and 1 mM X-gluc (5-Bromo-4-Chloro-3-Indolyl-β-D-
glucoronic Acid) 
 Inoue Transformation Buffer (TB): 10 mM PIPES, 55 mM MnCl2, 15 
mM CaCl2, 250 mM KCl, pH 6.7 
 IPTG: isopropyl-ß-D-thioglactopyranoside, prepared at 0.1 M in sterile 
type I Milli-Q water (Millipore) 
 Luria-Bertani (LB) liquid broth media: 1% (w/v) bacto-tryptone, 0.5% 
(w/v) bacto-yeast extract, 170 mM NaCl 
 Luria-Bertani (LB) solid agar media: LB liquid growth media solidified 
with 1.5% (w/v) bacto-agar 
 Sequencing buffer (5X): 350 mM Tris-HCl pH 9, 2.5 mM MgCl2 
 SOC (Catabolite-repression SOB): SOB with 20 mM glucose 
 Solution I – for standard alkaline lysis:  50 mM glucose, 25 mM Tris-
HCl pH 8, 10mM EDTA 
 Solution II – for standard alkaline lysis:  0.2 M NaOH, 1% (v/v) SDS 
 Solution III – for standard alkaline lysis:  3 M NaOAc pH 4.7 
 SSTE: 1 M NaCl, 0.5% (v/v) SDS, 10 mM Tris pH 8, 1 mM Tris-EDTA 
pH 8 
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 Super Optimal Broth (SOB): 2% (w/v) bacto-tryptone, 0.5% (w/v) 
bacto-yeast extract, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM 
MgSO4, pH 6.7 
 TAE (1X): 10 mM Tris-acetate, 0.5 mM EDTA, pH 7.8 
 TE Buffer: 10 mM Tris-HCL, pH 8, 1 mM EDTA 
 X-Gal: X-Gal (5-bromo-4-chloro-3-indoly-ß-D-galactopyranoside), 2% 
(w/v) prepared in dimethylformamide 
 GENERAL METHODS FOR NUCLEIC ACID AMPLIFICATION, 2.2
CLONING AND SEQUENCING 
Common molecular techniques were performed fundamentally as described by 
Sambrook et al. [101] or according to the manufacturer’s instructions.  Protocols 
which were substantially altered from their published form are described below and 
unique methods are described within the relevant chapters. 
2.2.1 PCR amplification 
PCRs were performed in a DNA Engine Peltier Thermal Cycler-200 (MJ 
Research) or a DNA Engine Peltier Thermal Cylcle (Bio-Rad).  Unless otherwise 
stated, all PCRs were performed with 25 µL of 2X GoTaq® Green Master Mix 
(Promega), 20 pmol of each primer and type I Milli-Q water (Millipore) in a final 
volume of 50 µL.  All PCRs were initially denatured at 95°C for 2 min prior to 30 
cycles of 95°C for 30 s, an appropriate annealing temperature for 30 s and an 
extension temperature of 72°C for 1 min per kb of expected product.  A final 
extension step of 72°C for 5 min was usually included. 
2.2.2 High fidelity cloning into the pGEM®-T Easy vector 
Any PCR carried out with KAPA HiFi (High Fidelity) DNA polymerase 
(KapaBiosystems) for high fidelity cloning that required to be cloned in the T-tailed 
pGEM®-T Easy (Promega) vector system underwent A-tailing with a Taq 
polymerase in the following reaction.  In a 20 µL reaction, 17 µL of gel-extracted 
PCR product was mixed with 1X Taq PCR buffer, 2.5 µM dATP and 5 U of Taq 
polymerase.  The sample was incubated at 72°C for 20 to 30 min.  A 1 µL aliquot of 
this reaction was ligated into 3 µL of pGEM®-T Easy (Promega). 
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2.2.3 Restriction enzyme digestion 
The restriction enzyme digests of plasmid DNA (up to 1 µg) were performed 
with the appropriate restriction endonuclease (5 to 10 U) and a specific buffer, and 
were incubated in a water-bath at 37°C or recommended temperature for 1 to 16  h. 
2.2.4 Alkaline dephosphorylation of 5’ ends 
To limit re-circularisation of plasmid DNA that lacked an insert, the phosphate 
groups at the 5’ ends of the plasmid DNA were removed using 1 U of calf intestinal 
alkaline phosphatase (Roche) with 1X alkaline phosphatase buffer in a 10 µL digest 
reaction.  The reaction was incubated in a water-bath at 37°C for 30 to 60 min after 
which the alkaline phosphatase was inactivated by incubation at 65°C for 10 min.  
Alternatively, the alkaline phosphatase activity could be eliminated with either 
agarose gel electrophoresis followed by purification using a High Pure PCR Product 
Purification Kit (Roche) or by the Freeze ‘N Squeeze DNA gel extraction spin 
column method (Bio-Rad). 
2.2.5 Blunting DNA 5’ and 3’ overhangs 
The T4-DNA polymerase (Promega) or Klenow enzyme (NEB) were used to 
remove incompatible or opposing 5’ and 3’ overhanging ends of plasmid DNA 
digested with incompatible restriction enzymes.  Both enzymes blunt DNA with 5’-
3’ polymerase activity and 3’-5’ exonuclease activity.  When using T4-DNA 
polymerase, 1 mM dNTPs, 4 µL of 4X T4-DNA polymerase buffers and 20 U T4-
DNA polymerase were added to a 20 µL restriction digest.  The reaction was brought 
to a final volume of 40 µL with type I Milli-Q water (Millipore) and incubated at 
12°C in a thermal cycler for 20 min.  When using Klenow enzyme, 1 mM dNTPs, 2 
µL of 10X digest buffer, 1 µL of 20X BSA and 10 U Klenow enzyme were added to 
a 20 µL restriction digest.  The reaction was brought to a final volume of 40 µL with 
type I Milli-Q water (Millipore) and incubated at 37°C in a water-bath for 15 min.  
The reagents were removed by agarose gel electrophoresis followed by gel 
purification by Freeze ‘N Squeeze DNA gel extraction spin column (Bio-Rad).  The 
extracted, blunt-ended plasmid DNA underwent DNA ligation to join the ends 
together. 
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2.2.6 Ligation of DNA fragments 
PCR products were purified from agarose gel using Freeze ‘N Squeeze DNA 
gel extraction spin column (Bio-Rad) and ligated with the vector (Promega).  For all 
other ligations, backbone plasmid DNA was prepared by restriction endonuclease 
digestion followed by alkaline phosphatase treatment and agarose gel purification.  
The respective insert DNA was prepared by excision from its parent plasmid by 
restriction digestion prior to agarose gel purification.  Purified backbone and insert 
sequences were ligated together in a final reaction volume of 20 µL using the 
Promega 2X Rapid Ligation Buffer at an insert to vector ratio of 3:2.  All ligations 
contained 1 U T4-DNA ligase (Promega) and were incubated at 4°C for up to 16 h.  
2.2.7 Preparation of E. coli heat-shock competent cells 
E. coli XL1 Blue cells were made chemically competent as previously 
described by Inoue et al. [102].  A frozen glycerol stock culture of E. coli cells was 
thawed on ice and a 100 µL aliquot of cells was inoculated into 5 mL of LB media 
containing 15 µg/mL tetracycline.  The culture was incubated overnight at 37°C with 
shaking at 200 rpm using a Bioline upright shaker (Edward’s instrument company, 
Australia).  Following incubation, 2 mL of culture was inoculated into 250 mL of 
SOB media and agitated at 200 rpm overnight at 25°C until the culture reached an 
OD600nm of approximately 0.75.  Once the culture was in exponential growth it was 
incubated on ice for 10 min before centrifugation at 2,500 xg for 10 min at 4°C.  The 
pellet was resuspended with 40 mL of ice cold transformation buffer (TB) and 
incubated on ice for 10 min before a second centrifugation at 2,500 xg at 4°C for 
another 10 min.  Each pellet was finally resuspended in 10 mL of TB with 7% (v/v) 
DMSO and rested 10 min on ice.  Aliquots of 50-100 µL were dispensed and snap 
frozen with liquid nitrogen before storage in an ultra-freezer at -80°C. 
2.2.8 Transformation of E. coli competent cells with plasmid DNA 
Chemically-competent E. coli XL1 Blue were transformed by heat shock as 
described by Inoue et al. [102].  Approximately 1 ng of plasmid or 3 to 5 µL of 
ligation reaction was mixed with 100 µL of competent E. coli cells and incubated on 
ice for 20 min.  Cells were heat shocked at 42°C for 90 s and immediately returned to 
rest on ice for 2 min prior to the addition of 700 µL of LB or SOC media and 
incubation at 37°C for 60 min in a Bioline upright shaker (Edward’s instrument 
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company, Aus) while agitating at 200 rpm.  Following the incubation period, cells 
were cultured by spreading with gamma sterile disposable spreader bars (Techno 
Plas) onto LB solid media containing the appropriate antibiotics and incubated at 
37°C in a dry air oven overnight. 
2.2.9 Growth of bacteria in liquid cultures 
E. coli cultures were initiated from a single colony inoculated into 3 to 5 µL of 
LB liquid media containing the appropriate antibiotic(s).  The E. coli liquid cultures 
were incubated at 37°C for up to 16 h in a Bioline upright shaker (Edward’s 
instrument company, Aus) while agitating at 200 rpm.  After incubation, cells were 
harvested for plasmid DNA extraction 
2.2.10 Isolation and purification of recombinant plasmid DNA 
Generally, plasmid DNA was isolated from bacterial cultures using a standard 
alkaline lysis protocol described by Sambrook et al. [101].  A 2 mL sample of 
overnight culture of E. coli cells harbouring the recombinant plasmid DNA was 
pelleted by centrifugation at 14,000 xg for 1 min at room temperature.  The pellet 
was gently resuspended in 100 µL of chilled re-suspension Solution I prior to 
addition of 200 µL of the freshly prepared cell lysing Solution II.  The sample was 
mixed by gentle inversion.  To precipitate chromosomal DNA and proteins, 150 µL 
of chilled neutralization Solution III and 150 µL of CHCl3:IAA were added and 
mixed thoroughly by inversion.  The precipitated components were separated from 
the plasmid DNA by centrifugation at 14,000 xg for 5 min.  The supernatant was 
transferred to a new tube and the plasmid DNA was precipitated by the addition of 
two volumes of ethanol followed by centrifugation for 5 min at 14,000 xg.  DNA 
pellets were washed with 70% (v/v) ethanol and resuspended in 30 µL of type I 
Milli-Q water (Millipore) containing 10 µg/mL of RNAse-A.  Plasmid DNA to be 
sequenced and subsequently used for transformation was isolated using a Wizard® 
Plus minipreps DNA purification system (Promega) according to the manufacturer’s 
instructions.  The quality and quantity of purified plasmid DNA was analysed by 
agarose gel electrophoresis and/or spectrophotometry using the Nanodrop 2000 
(Thermo Scientific). 
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2.2.11 Concentrating recombinant plasmid DNA 
A plasmid DNA concentration of 1 μg/μL was required for all microprojectile 
bombardment of plant material.  Plasmid DNA preparations with lower 
concentrations were concentrated by ethanol precipitation methods described by 
Sambrook et al. [101].  The volume of DNA solution (suspended in type I Milli-Q 
water (Millipore) or TE buffer) was measured and a 1/10 volume of 3 M sodium 
acetate pH 5.2 was added and mixed by vortexing.  Subsequently 2 to 2.5 volumes of 
cold ethanol were added (calculated after salt addition; 70% (v/v) ethanol in the final 
volume), mixed well by vortexing, incubated on ice for 20 min and centrifuged for 
10 min at 14,000 xg.  The supernatant was carefully decanted and 1 mL of 70% (v/v) 
ethanol was added and mixed by inversion to wash the pellet.  The tube was spun 
down briefly in the microfuge followed by careful removal of the supernatant.  The 
pellet was air dried or briefly dried under vacuum.  The pellet was re-suspended in 
the appropriate amount of type I Milli-Q water (Millipore) to achieve a 1 μg/μL 
plasmid DNA concentration.  Alternatively, the DNA mini preparation was 
concentrated using the SpeedVac® Concentrator SC110 (Savant) following the 
manufacturer’s instructions. 
2.2.12 Preparation of bacterial glycerol stocks 
Stocks of bacterial cells harbouring the recombinant plasmid DNA were 
prepared by mixing 500 µL of liquid bacterial culture with 500 µL of sterile 80% 
glycerol in a cryovial.  The cryovials were snap frozen in liquid nitrogen and stored 
in an ultra-freezer at -80°C. 
2.2.13 Sequencing of DNA 
All sequencing reactions were performed using the BigDye® Terminator Cycle 
Sequencing Kit
TM
, Version 3.1 (Applied Biosystems).  The sequencing reaction 
(1/8X) contained 150 to 300 ng of plasmid template, 3.2 pmol of primer, 3.5 µL of 
5X sequencing buffer and 1 µL of BDTv3.1 ready mix.  The reaction was brought to 
a final volume of 20 µL with sterile type I Milli-Q water (Millipore).  Sequencing 
reactions were incubated in a thermo cycler under the following conditions; initial 
denaturation at 95°C for 1 min followed by 30 cycles of 95°C for 10 s, 50°C for 5 s 
and 60°C for 4 min.  To precipitate the sequencing products, the 20 µL sample was 
transferred to a 1.5 mL microtube containing 2 μL of 3 M NaOAc (pH 5.2) and 2 µL 
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of 125 mM EDTA (pH 8) and thoroughly mixed.  Subsequently, 50 μL of ethanol 
was added, the sample briefly vortexed and incubated at room temperature for 15 
min.  The sequencing products were pelleted by centrifugation at 14,000 xg for 20 
min.  Pellets were washed with 70% ethanol and centrifuged for a further 5 min at 
14,000 xg.  The pellets were dried under vacuum for 10 min and submitted for 
sequencing by capillary electrophoresis at the Central Analytical Research Facility, 
Institute for Future Environments, QUT.  Sequencing data was analysed using Vector 
NTI computer software (Invitrogen).   
 GENERAL METHODS FOR NUCLEIC ACID PURIFICATION FROM 2.3
PLANT CELLS AND CDNA SYNTHESIS 
2.3.1 Sugar cane plant sampling and processing for nucleic acid purification 
2.3.1.1 Sampling sugar cane leaf 
Leaf samples were taken from mature sugar cane plant (9 to 12 month old) 
from the first unfurled leaf.  The midrib was removed and two leaf blade samples 
were obtained by the use of a 12 mm x 24 mm paper puncher.  The leaf samples were 
placed in two separate 2 mL tubes and immediately stored on dry ice for 
transportation.  One of the two leaf samples was ground into a fine powder in liquid 
nitrogen with a pestle and mortar and store at –80°C for nucleic acid purification.  
The other sample was cut into small pieces, snap frozen with liquid nitrogen, freeze-
dried for 24 h and stored at room temperature for later use in GUS analysis. 
2.3.1.2 Sampling sugar cane stem 
Stem samples were taken from the mature sugar cane plant (nine to 12 months 
old) stem at the 8
th
 and 9
th
 nodes and internodes.  Both nodal sections were chopped 
into small pieces and packed into a 50 mL Falcon tube and immediately stored on 
dry ice for transportation.  The stem pieces were ground into a fine powder in liquid 
nitrogen using an IKA A11 Analytical Grinder Mill (IKA Laboratory).  
Approximately 0.5 g of powdered stem tissue was transferred to a liquid nitrogen 
frozen 2 mL tube and stored at -80°C for nucleic acid purification.  The remainder of 
the powered stem tissue was put in liquid nitrogen frozen 50 mL Falcon tube, freeze-
dried for 48 h and stored at room temperature for later use in GUS analysis. 
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2.3.2 Purification of total DNA from maize leaf tissues 
Total DNA was isolated from maize leaf tissue using a modified CTAB 
protocol originally described by Stewart and Via [103], with several modifications.  
Approximately 250 mg of leaf tissue was ground to a fine powder in liquid nitrogen 
with a pestle and mortar, transferred to a 15 mL Falcon tube containing 3 mL of pre-
warmed (65°C) CTAB buffer and incubated at 65°C for 30 min.  Total DNA was 
clarified by two CHCl3:IAA extractions and contaminating RNA removed by 
digestion with RNAse (1 µg/mL) at 37°C for 1 hr.  Following a final CHCl3:IAA  
extraction, DNA was precipitated by addition of an equal volume of isopropanol, 
incubation at -80°C for 30 min and centrifugation at 5,000 xg for 30 min.  The DNA 
was resuspended in 500 µL of pre-warmed (37°C) SSTE buffer, CHCl3:IAA 
extracted, and precipitated by the addition of two volumes of 100% ethanol, 1/10 
volume of 3 M NaOAc pH 5.2 and incubated at -80°C for 30 min followed by 
centrifugation at 14,000 xg for 30 min.  The DNA pellet was washed with 70% 
ethanol and resuspended in type I Milli-Q water (Millipore).  DNA purity and 
concentration were estimated by agarose gel electrophoresis and spectrophotometry 
absorbance reading at 260 nm and 280 nm wavelengths.   
2.3.3 Purification of total RNA from sugar cane cells 
Total RNA was isolated using TRIzol® Reagent (Life Technologies).  
Approximately 100 mg of plant tissue was ground to a fine powder in liquid nitrogen 
with a pestle and mortar.  The powdered tissue was transferred to a chilled 2 mL 
microtube, 1 mL of TRIzol® Reagent was added and mixed by inversion and 
incubated at room temperature for 5 min to ensure complete dissociation of 
nucleoprotein complexes.  To separate the upper aqueous phase containing RNA 
from the lower phases containing protein and DNA, 200 μL of chloroform was added 
and the sample was vigorously shaken for 15 s, and allowed to stand for 15 min at 
room temperature before phase separation by centrifugation at 12,000 xg for 15 min 
at 4°C.  To precipitate the RNA, the upper aqueous phase was carefully transferred to 
a 1.5 mL microtube, 500 μL of isopropanol was added and mixed by inversion before 
the sample was incubated for 10 min at room temperature.  The precipitated RNA 
was pelleted by centrifugation at 12,000 xg for 5 min at 4°C.  The supernatant was 
carefully removed and discarded, the gel-like pellet washed with 75% (v/v) ethanol, 
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briefly vortexed and centrifuged at 12,000 xg for 5 min at 4°C.  The pellet was dried 
under vacuum for 10 min, resuspend with 20 µL of RNAse free type I Milli-Q water 
(Millipore) and stored at -80°C.  The RNA concentration and integrity was assessed 
by spectrophotometry absorbance readings at 260 nm and 280 nm wavelength and by 
agarose gel electrophoresis, respectively. 
2.3.4 First strand synthesis of recombinant DNA for RT-PCR 
A 1 µg sample of total RNA was initially treated with RQ1 RNase-Free DNase 
(Promega) to degrade any contaminating DNA following the manufacturer’s 
instructions.  A 500 ng sample (5 μL of the DNase reaction) of DNase-treated RNA 
was mixed with 50 pmoles oligo d(T) in a 16.75 μL reaction topped up with type I 
Milli-Q water (Millipore).  The reaction was incubated at 70°C for 5 min to melt 
secondary structures followed by resting on ice to prevent them from reforming and 
in preparation for first strand synthesis of cDNA using Moloney-Murine Leukemia 
Virus Reverse Transcriptase (M-MLV RT; Promega).  To the 16.75 μL reaction 
above, the following was added to make a final reaction volume of 25 μL; 5 μL of 
5X M-MLV Reaction Buffer, 1.25 μL dNTPs (10 mM of each base; Promega), 1 μL 
RNasin Ribouclease Inhibitor (Promega) and 1 μL or 200 U of M-MLV RT.  A 
control RT negative reaction was also set up by replacing the dNTPs, RNasin and M-
MLV RT with RNase-free water.  The two reactions were incubated at 42°C for 1 h 
followed by 70°C for 15 min to inactivate the reverse transcriptase.  The first strand 
cDNA was stored at -20°C.  To test the success of the first strand cDNA synthesis, a 
RT-PCR using specific primers for a housekeeping gene was performed with 1 μL of 
a 1:10 dilution of cDNA followed by agarose gel electrophoresis to visualise the 
amplicon.  These results were then compared with RT-PCR performed on the RT 
negative control to confirm the integrity of the cDNA. 
 GENERAL ELECTROPHORESIS METHODS 2.4
2.4.1 Agarose gel electrophoresis 
The separation of nucleic acids was carried out in 1% (w/v) agarose gels in 
TAE buffer with 0.25X SYBR® Safe DNA gel stain in DMSO (Invitrogen).  With 
the exception of PCR reactions performed with GoTaq® Green Master Mix 
(Promega), 6X agarose gel loading buffer was added to all samples before loading 
onto the agarose gel.  Gels were electrophoresed at 80-100 V for 40-60 min using an 
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electrophoresis system by Bio-Rad.  The gels were visualised with short wavelength 
blue light transilluminator (Pharmacia) and photographed with the SYNGENE 
Geldoc system (Syngene) using a computer software gel documentation system, 
GeneSnap versioin 6.07 and GeneTools version 3.07 (Syngene). 
2.4.2 Extraction and purification of DNA from agarose gels 
DNA bands were excised from agarose gels using Gene Catcher gel excision 
tips (Gel Company) and extracted using Freeze ‘N Squeeze DNA gel extraction spin 
column (Bio-Rad) according to the manufacturer’s instructions.  When required, 
DNA was purified using the High Pure PCR Purification Kit (Roche) according to 
the manufacturer’s instructions. 
 GENERAL METHODS OF GENE TRANSFER TO PLANT CELLS BY 2.5
BOMBARDMENT 
2.5.1 Preparation of plant tissues for microprojectile bombardment 
2.5.1.1 Explants for stable transformation 
Sugar cane tops of about 40 cm in length containing the uppermost three to 
four stem internodes were obtained from BSES SRA in Meringa (Section 2.1.5) and 
used to initiate sugar cane embryonic callus for use in stable transformation via 
biolistics.  Sugar cane tops were sprayed with 70% (v/v) ethanol in the lab and the 
last three leaves of the upper most internodes were removed in the laminar airflow 
cabinet, exposing the fused leaf primordia.  Under aseptic conditions, the fused roll 
of leaf primordia was cut in a solution of 0.5X MS liquid media just above the 
meristem and subsequently young leaf whorls of 1-2 mm in width were excised from 
the proximal end of the primordial leaf roll.  A total of eight to 10 leaf whorls were 
cultured dorsal side up on Embryonic Media containing 3 mg/L 2,4-D (EM3) and 
incubated in the dark at 27
o
C for six weeks with regular fortnightly subculturing onto 
fresh EM3 media.  During three subcultures, leaf whorls were cut in half in the first 
subculture with individual leaf pieces separated and any induced callus transferred to 
new media during the last two subcultures.  Five days after the last subculture, callus 
material of friable nature and having a relatively strong yellowish tinge was selected 
for bombardment. 
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2.5.1.2 Explants for transient transformation 
For leaf transient assays, young sugar cane leaves were removed from 
approximately three-month-old plants and cut into sections of about three cm in 
length.  The leaf sections were randomly selected to cover an area of 3 cm x 3 cm for 
each sample plate.  The mid rib was removed and leaf blade explants were arranged 
to cover an area of three centimetres-square in the centre of a 90 mm x 14 mm Petri 
dish containing a media of water solidified with agar (8 g/L). 
2.5.2 Transformation by microprojectile bombardment 
2.5.2.1 Stable transformation 
A particle inflow gene gun (PIG) [104] was used for the microprojectile 
bombardment of sugar cane callus based on the protocol by Bower et al. [105].  In 
preparation for transformation, the sugar cane callus obtained from cultures five days 
after the last transfer to fresh EM3 media (Section 2.5.1.1) was subcultured on 
osmotic media containing MS plus vitamins supplemented with 40 g/L sorbitol and 
40 g/L mannitol dispensed into 90 mm x 14 mm Petri dishes.  Calli were arranged in 
a three cm diameter circle in the centre of the osmotic media and incubated in the 
dark at 27
o
C for four hours prior to bombardment.  The experimental expression 
vector was co-transformed with the selection plasmid pUKN (containing the 
neomycin phosphotransferase II (nptII) gene under the control of the Zm-Ubi1 
promoter) which confers geneticin resistance and allows for the selection of 
transformed plant cells.  A 1 µg sample of each of the experimental DNA vectors 
together with 1 μg and the pUKN plasmid was used to coat 3 mg of 1 micron gold 
particles.  The DNA-coated gold particles were delivered to the calli using a 10 ms 
pulse of helium at a pressure of 1500 psi (10335 kPa) from a distance of 10 cm in a 
vacuum of -90 kPa.  Each plate of calli was bombarded twice with the plate turned 
180 degrees before the second shot.  After bombardment the callus was incubated in 
the dark at 27
o
C for four hours prior to the separation and transfer of discrete calli 
clumps to fresh EM3 medium for growth under the same conditions. 
2.5.2.2 Transient transformation 
A particle inflow gene gun (PIG) [104] was used for the microprojectile 
bombardment of sugar cane leaf tissues (Section 2.5.1.2) based on the protocol by 
Bower et al. [84].  Unless otherwise stated, 1 µg of DNA for the experimental 
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expression vectors was used to coat 3 mg of 1 micron gold particles.  The DNA-
coated gold particles were delivered to the leaf tissue using a 10 ms pulse of helium 
at a pressure of 1500 psi (10335 kPa) from a distance of 10 cm in a vacuum of -90 
kPa.  Each leaf sample was bombarded twice with the plate turned 180 degrees 
before the second shot.  After bombardment the leaf sample was incubated at 27
o
C 
for 48 hours under a 16 h daylength regime.  After 48 hours of incubation, the leaf 
samples were cut into small pieces and transferred to a 2 mL microfuge tube, snap 
frozen with liquid nitrogen, freeze-dried for 24 hours and stored at room temperature 
for use in a fluorimetric GUS analysis (Section 2.6.2). 
 GENERAL METHODS FOR ANALYSIS OF GUS EXPRESSION 2.6
2.6.1 Histochemical GUS assay 
Qualitative analysis of GUS reporter gene expression from the various 
constructs was determined using GUS staining methods as described by Jefferson et 
al. [106] utilising the GUS staining solution (Section 2.1.6) to infiltrate sample 
tissues for 30 min under vacuum.  Leaf samples were infiltrated for 30 min under 
vacuum followed by 48 h incubation at 37
o
C, before destaining with ethanol for the 
removal of chlorophyll to allow easy visualisation of GUS stained cells.  Stem 
samples were directly incubated at 37
o
C for 24 h prior to destaining with ethanol for 
the removal of chlorophyll to allow easy visualisation of GUS stained cells. 
2.6.2 Fluorimetric GUS assay 
Quantitative fluorimetric GUS assays were carried out on sugar cane leaves 
from transient assays and stable transgenic plant tissues using a protocol modified 
from Jefferson et al. [106].  Plant tissues (Section 2.3.1.1 and Section 2.3.1.2) were 
homogenised using a TissueLyser II (Retsch) and mixed with a volume of GUS 
extraction buffer (Section 2.1.6) [107] equal to 20 times the plant tissue dry weight 
(1 mg = 20 μL of buffer).  Neat protein extract (5 μl) from each sample was mixed 
with 25 μL of 2 mM MUG substrate and incubated at 37oC.  Samples were analysed 
in triplicate.  The MUG reaction was stopped with the addition of 270 μL of NaCO3 
stop buffer at two time points; 0 and 40 min.  The fluorescence was measured using a 
Perkin Elmer LS50B Luminescence Spectrometer (excitation wavelength – 365 nm, 
excitation slit width – 5 nm, emission wavelength – 455 nm, emission slit width – 5 
nm).  The spectrometer was calibrated with fresh 4-Methylumbelliferone (4-MU).  
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The protein concentration of each sample was determined using a Bradford dye 
binding assay [108] (Bio-Rad), a Beckman Coulter AD 200 spectrometer and AD LD 
Analysis software 1.6 (Beckman Coulter Inc). 
2.6.3 Statistical analysis of quantitative GUS data 
Statistical analysis of the quantitative GUS data was carried out using either a 
one-way analysis of variance (ANOVA) with a Tukey’s post-hoc test via GraphPad 
Prism 5 Software or by pairwise comparison via Student’s t-test in Microsoft Excel. 
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Chapter 3: Characterisation of Intron-
Mediated Enhancement in Sugar 
Cane    
 INTRODUCTION 3.1
Many studies in both plants [6-9, 36, 65-72, 74, 75, 109-114] and animals [5, 
76] have reported the potential for introns to enhance gene expression via IME.  IME 
in plants was first demonstrated in maize by Calli et al. [65] with the maize Adh1-S 
first intron augmenting transgene expression 170-fold compared to an intron-less 
construct.  Subsequent work further confirmed the IME phenomenon in maize [9, 69, 
70, 95, 112, 113] and also in other model crops such as rice [66, 69, 114, 115] and 
Arabidopsis [6, 31, 53, 72, 81, 90, 116].  To date, no detailed characterisation of IME 
has been carried out in sugar cane, so its potential for improving transgene 
expression in this crop is not known. 
Several promoters possessing an intron have been shown to successfully drive 
transgene expression in sugar cane, but the importance of these introns for promoter 
functionality in this crop was not determined.  The Zm-Ubi1 promoter [36], which is 
a well-established promoter for sugar cane biotechnology, contains the first intron 
from the 5’ UTR of the maize polyubiquitin-1 gene [37].  The presence of the intron 
in the Zm-Ubi1 promoter was reported to be required for full promoter activity in 
banana [67] and maize [79].  The maize phosphoenolpyruvate carboxylase (Zm-
PepC) [19] and rice polyubiquitin-2 (RUBQ2) [40] promoters, which  have also been 
reported to give detectable levels of transgene expression in transgenic sugar cane, 
contain the first 5’ UTR intron of their respective genes.  High levels of constitutive 
transgene expression in transgenic sugar cane were also derived from an expression 
vector controlled by the Cestrum yellow leaf curling virus promoter combined with 
the maize polyubiquitin-1 first intron [38].  The presence of introns in many of the 
promoter sequences that have been successfully used for sugar cane biotechnology 
suggests that introns may be beneficial for improving transgene expression in sugar 
cane.   
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Most of the world’s sugar comes from the sugar cane stem, and this organ also 
represents a major source of biomass for the production of cellulosic ethanol.  
Therefore, promoters that target expression in the sugarcane stem are of substantial 
interest.  A promoter from the sugar cane loading stem gene (ScLSG) that was 
reported to drive detectable expression of the luciferase reporter gene in the stem of 
transgenic sugar cane contained the 5’ UTR intron [48].  Removal of this intron 
reduced transgene expression by up to 90%.  Promoters from the sugar cane dirigent 
and o-methyltransferase genes were characterised as directing detectable transgene 
expression predominantly in the sugar cane stem vasculature [46].  These two 
promoters do not contain introns, but it is possible that introns may be useful for 
improving the activity of these tissue specific promoters in sugar cane.   
Studies of IME in plants distinguish gene expression enhancement via IME to 
that from transcriptional enhancers often found in some introns by examining the 
location and orientation of the intron relative to the promoter [6].  Unlike IME 
enhancing introns (EIs), traditional transcriptional enhancers (TE) are capable of 
increasing gene expression regardless of their location and orientation in relation to 
the transcribed gene [77-79].  TEs may be located upstream or downstream of genes 
they regulate, and do not need to be near the transcription initiation site.  This is 
evident by the fact that some TEs are found several hundred thousand base pairs 
upstream or downstream of the transcription start site or may even be located on a 
different chromosome to the target gene [117, 118].  An enhancing intron exhibiting 
IME functionality is typically located within 1 kb of the transcriptional start site in its 
native forward orientation [9, 70, 80, 81, 83, 119].  EIs are therefore primarily 
located in very close proximity to the promoter element.  For this reason most EIs are 
typically found in the gene’s 5’ UTR or in some cases in the 5’ end of the protein 
coding sequence.  Therefore, the characterisation of IME has typically involved the 
cloning of heterologous introns into the 5’ UTR or at the 5’ end of reporter gene 
constructs [9, 75, 79, 112-114, 120-122].  Previous studies have shown that IME 
activity of enhancing introns is lost when the intron is placed in the 3’ UTR [9, 70].  
For example, levels of transient CAT expression in maize protoplasts were enhanced 
12-fold by placing the maize alcohol dehydrogenase-1 intron 2 in the 5’ UTR 
compared to an intron-less construct, however, when the intron was cloned in the 3’ 
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UTR no significant increase in expression was shown relative to the intron-less 
control [9].   
TEs are often located in many introns, and for the purpose of this study it was 
important to distinguish whether an intron was enhancing gene expression through 
IME or by functioning as a TE.  The main approach used in previous studies to 
determine whether an intron was enhancing gene expression via IME or by acting as 
a TE was to place the intron upstream of the promoter [6, 9, 69, 70, 123-125].  For 
example, the first intron of the A. thaliana profilin-2 gene (PRF2) significantly 
enhanced reporter gene expression in transgenic Arabidopsis compared to an intron-
less control when this intron was placed upstream of the GUS gene [123].  However, 
the enhancing activity of this intron was abolished when the intron was placed 
upstream of the promoter in either the reverse or forward orientation, indicating this 
the PRF2 intron was enhancing gene expression via IME [123].   
The majority of EIs identified to date are “first” or “leader” introns from highly 
and widely-expressed housekeeping genes [58].  According to Rose et al. [96] 
promoter-proximal introns differ in their nucleotide composition from distal introns, 
and the more an intron resembles [79] that of a promoter-proximal intron the stronger 
its ability to increase expression.  The work by Rose et al. [96] led to the 
development of a theoretical predictor computational tool known as the IMEter that 
uses a bioinformatics approach to try and predict an intron’s enhancing ability by the 
degree it matches a promoter-proximal intron profile.  In addition Parra et al. [58] 
reported that Arabidopsis promoter-proximal introns were on average 38% longer 
than promoter-distal introns, and that there was a moderate positive correlation 
between intron length and IME signals as detected by the IMEter (updated version 
IMEterV2).  Even though the IMEter identified potential enhancing motifs in both 
Arabidopsis and rice, its validity as a prediction tool has not been robustly tested 
experimentally on a large set of introns.  Therefore, in our study IMEter scores and 
the lengths of our selected EIs were assessed for any correlation with enhancing 
activity to determine the usefulness of such parameters for predicting the enhancing 
ability of an intron in sugar cane. 
Many studies of IME have utilised transient assays to assess transgene 
expression of various intron-containing constructs compared to intron-less control 
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constructs [9, 68, 123, 125].  This approach is ideal for analysing and screening of 
expression vectors prior to detailed analysis in stable transgenic plants.  This is 
especially important in plants where the generation of transgenic plants may be time 
consuming and labour intensive, making it impractical to assess a large number of 
constructs at one time by an individual researcher.  The development of a reliable 
transient assay to quickly screen a large number of constructs can allow the selection 
of a smaller set of constructs to be characterised in transgenic plants.  Therefore, the 
time consuming and labour intensive nature of sugar cane transformation necessitates 
the development of a very efficient and robust transient assay for screening 
enhancing introns prior to any functional characterisation in stable transgenic plants.  
This approach is not limited to sugar cane, and has been used in studies in maize, rice 
and Arabidopsis [6, 9, 125].  Sugar cane callus, protoplasts, and immature furled leaf 
from the crown of mature sugar cane plants have previously been used in transient 
assays to evaluate transgene expression in sugar cane [85, 99, 126].  In our study, the 
use of young, fully differentiated leaf explants from maturing sugar cane plants were 
utilised for the development of a transient assay.   
Given what is known about introns functioning to enhance gene expression in 
both dicots and monocots via the phenomenon of IME, it is likely that introns display 
a similar effect in sugar cane.  We therefore hypothesised that introns would enhance 
transgene expression in sugar cane via IME.  To test this hypothesis, we examined 
the enhancing activities of four different introns to determine whether introns were 
capable of enhancing transgene expression in sugar cane, and whether enhancement 
was due to IME or caused by the intron functioning as a traditional enhancer 
element.  Furthermore, we assessed some of the intron features such as length and 
IMEter score to determine whether these features were correlated with an intron’s 
enhancing activity in this crop.  The work described in this chapter details the use of 
a transient assay to investigate the functionality of IME in sugar cane. 
The specific objectives for this chapter were to: 
 Develop a transient assay for characterising the enhancing activity of 
introns in sugar cane 
 Identify introns that were capable of increasing transgene expression in 
sugar cane 
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 Assess whether enhancing introns were functioning via IME 
 METHODS AND MATERIALS 3.2
3.2.1 Introns and promoters for assessment 
To initially determine whether IME had the potential to enhance transgene 
expression in sugar cane, a range of introns were evaluated (Table 3-1).  To do this 
we selected four introns that were previously suggested to possess IME activity in 
other plants; maize polyubiquitin-1 intron (iZmUbi1), rice polyubiquitin-2 intron 
(iOsUbi2), rice polyubiquitin-3 intron (iOsUbi3) and rice actin-2 intron (iOsActin2) 
(Table 3-1).  The iZmUbi1 is the 5’ UTR first intron of the maize polyubiqutin-1 
promoter [36] which has been reported to be important for full promoter activity in 
banana [67] and maize [79].  The, iOsUbi2, iOsUbi3 and iOsActin2 introns are also 
first introns located in the 5’ UTR of rice polyubiquitin-2, rice polyubiquitin-3 and 
rice actin-2 housekeeping genes.  These introns have previously been reported to be 
important for full activity of their native promoters when driving reporter gene 
expression in rice [125, 127, 128].  
To screen for IME in sugar cane the introns were initially combined with the 
maize polyubiquitin-1 promoter without its native intron (ZMUBI1) as well as the 
banana bunchy top viral promoter (BBTV4) (Table 3-1).  Both of these promoters had 
been shown to have relatively low levels of expression in sugar cane in the absence 
of an enhancing intron [67].  In addition to these two promoters, the sugar cane stem-
preferred dirigent promoter  (SHDIR16) [46] was also utilised.   
 
Table 3-1 Introns and promoters used for initial analysis of IME is sugar cane. 
Introns and 
promoters used 
Source organism Gene Reference 
iZmUbi1 Maize polyubiquitin-1 Christensen et al., 1992 [37] 
iOsUbi2 Rice polyubiquitin-2 Wang et al., 2000 [129] 
iOsUbi3 Rice polyubiquitin-3 Sivamani and Qu, 2006 [125] 
iOsActin2 Rice Actin-2 He et al., 2009 [127] 
pZMUBI1 Maize polyubiquitin-1 Christensen et al., 1992 [37] 
pBBTV4 Banana virus Banana bunchy top virus  Dugdale et al., 2000 [130] 
pSHDIR16 Sugar cane dirigent  Damaj et al., 2010 [46] 
For the introns and promoters, the names are preceded by either an “i” or “p” to indicate intron and 
promoter, respectively 
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3.2.2 PCR and cloning 
PCR products used for cloning were amplified using the high fidelity KAPA 
HiFi polymerase (KapaBiosystems) according to the manufacturer’s instructions and 
as described in Section 2.2.1.  PCR products were A-tailed for pGEM®-T Easy 
(Promega) subcloning as described in Section 2.2.2. 
All of the PCR primers used in this chapter are described in Table 3-2.  PCR 
products were ligated with 50 ng of pGEM®-T Easy (Promega), 1 U T4 DNA ligase 
and 2X Rapid Ligation buffer according to the manufacturer’s specifications before 
incubation at 16
o
C for 16 hours.  All ligations were performed using an insert to 
vector ratio of approximately 3:1.  Clones were screened by restriction enzyme 
analysis, and selected clones displaying the expected restriction digest pattern were 
sequence analysed as described in Section 2.2.3 and Section 2.2.13 respectively.  
 
Table 3-2 Primers used for PCR-based cloning of different introns and the SHDIR16 promoter. 
PCR 
product 
Primer name Sequence (5’-3’) Restriction 
site 
Template 
iOsUbi2 
MK10710-1F ggtaccCAGCTCCACCCCCGAAAAAT KpnI pZMUBI1-iOsUbi2 
(V22) MK10710-2R aagcttCACAAAGATCTGCTGCAAGAAATA HindIII 
iZmUbi1 
AP71010-1F ggtaccCCCAAATCCACCCGTCGGC KpnI pZm-Ubi1 
(V17) AP71010-2R aagcttCTGCAGAAGTAACACCAAAC HindIII 
iOsUbi3 
AP71010-3F ggtaccTGCGTTCTCTAATCGCCTC KpnI pZMUBI1-iOsUbi3 
(V26) AP71010-4R aagcttAACGAATATCTGCTTCTGGAAG HindII 
iOsActin2 
AP71010-5F ggtaccTCTTCTTTAGGTGAGCAACTG KpnI pZMUBI1-iOsActin2 
(V23) AP71010-6R aagcttAACTGATCTGCATAACACAAAAT HindII 
pSHDIR16 
Dirigent For1 aagcttCTGCGACAGCTAGAGGCGC HindIII 
BAC159E/4 
Dirigent Rev ggatccTGTACTAGTTATGGCAGCTACCGTT BamHI 
iOsUbi2 = rice polyubiquitin-2 intron; iZmUbi1 = maize polyubiquitin-1 intron; iOsUbi3 = rice 
polyubiquitin-3 intron; iOsActin2 = rice actin-2 intron; pSHDIR16 = sugar cane dirigent promoter; 
pZMUBI1 = maize polyubiquitin-1 promoter lacking the native intron; BAC159E/4 = Bacterial 
Artificial Clone 159E/4; Engineered restriction enzyme site indicated by letters in lower case 
 
The vector templates (V17, V22, V23 and V26) used for PCR of the introns 
outlined in Table 3-2 were provided by Dr Brett Williams (QUT, Brisbane).  These 
template vectors were constructed as described below (Section 3.2.3) as part of the 
ARC-Syngenta Linkage Project.  The sugar cane dirigent (SDHIR16) promoter was 
isolated by PCR from DNA purified (Section 2.2.9. to Section 2.2.11) from the 
bacterial artificial chromosome clone 159E/4 (Clemson University Genomics 
Institute). 
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3.2.3 Generation of plasmid vectors 
The intron-containing expression vectors pZm-Ubi1 [36] (V17), pZMUBI1-
iOsUbi2 (V22), pZMUBI1-iOsUbi3 (V26), pZMUBI1-iOsActin2 (V23) and pBBTV4-
iOsUbi2 (V24) (Table 3-3) driving expression of the sugar cane codon optimised 
GUS (E. coli uidA gene, encoding ß-glucuronidase) reporter gene (scoGUS), were 
made by Dr Brett Williams (QUT).  Two intron-less vectors, namely pZMUBI1 
(V15) and pBBTV4 (V16) controlling the expression of the scoGUS gene (Table 3-3), 
were also provided for controls (See Appendix A for list of vectors).   
 
Table 3-3 List of IME and control constructs. 
Construct 
ID 
Construct name Reporter 
gene 
Cloning notes 
V17 
pZm-Ubi1 
(or pZMUBI1-iZmUbi1) 
scoGUS Made by Brett Williams 
V22 pZMUBI1-iOsUbi2 scoGUS Made by Brett Williams 
V26 pZMUBI1-iOsUbi3 scoGUS Made by Brett Williams 
V23 pZMUBI1-iOsActin2 scoGUS Made by Brett Williams 
V24 pBBTV4-iOsUbi2 scoGUS Made by Brett Williams 
V15 pZMUBI1 scoGUS Made by Brett Williams 
V16 pBBTV4 scoGUS Made by Brett Williams 
V36 pSHDIR16 scoGUS V16 cut with HindIII/BamHI to remove promoter 
V37 pSHDIR16-iOsUbi2 scoGUS V24 cut with Hindlll/BamHI to remove promoter 
V41 pSHDIR16-iZmUbi1 scoGUS V17 cut with HindIII/BglII to remove promoter 
 
The cloning strategy for these expression vectors involved the amplification of 
each specified intron together with their native flanking sequences from genomic 
DNA, and cloning them into the 5’ UTR of the scoGUS expression cassette (Figure 
3-1).  The inclusion of native flanking sequences was used to improve the chances of 
proper intron splicing.  As shown in Figure 3-1, the scoGUS transgene vector was 
engineered to include the 5’ leader sequence of the tobacco mosaic virus omega 
sequence (also known as the TMVΩ translational enhancer), an alternative Kozak 
sequence (gcggccgcc) and a sugar cane codon-optimised version of GUS (scoGUS; 
synthesised by Geneart Life Technology, Aus).  The scoGUS was a modified version 
of the E. coli uidA (GUS) gene that was codon-optimised to increase the oveall G+C 
content, improve the codon usage preference for sugar cane, and eliminate potential 
cryptic splice sites, polyadenylation consensus sequences and potential ribosome 
binding sites, without altering the encoded protein sequence.  The scoGUS was used 
in this research as it has been reported previously to give higher levels of expression 
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in sugar cane compared to the unmodified GUS gene [38].  The pBluescript II SK(-) 
(Stratagene) phagemid was used as the cloning vector for all expression cassettes. 
 
 
Figure 3-1 Schematic representation of the structure for the intron-containing vectors and 
introns-less controls. 
(A) The optimised GUS coding sequence (scoGUS) was controlled by a promoter (ZMUBI1 or 
BBTV4) containing the intron in the 5’ UTR.  (B) The intron-less control consists of a promoter 
lacking an intron.  TMVΩ, translational enhancer; Alt. Kozak, alternative Kozak sequence gcggccgcc; 
tNos, nopaline synthase terminator. 
 
A set of IME vectors under the control of the SHDIR16 promoter (Table 3-3) 
was constructed to comply with the IME vector layout in Figure 3-1.  The PCR 
product of the SHDIR16 promoter flanked by the restriction enzyme sites HindIII 
and BamHI (Table 3-2) was ligated into the pGEM®-T Easy vector and subsequently 
cloned and sequenced.   
To create the expression vectors pSHDIR16 (no-intron) (V36) and pSHDIR16-
iOsUbi2 (V37) (Table 3-3), the two entry vectors pBBTV4 (V16) and pBBTV4-
iOsUbi2 (V24) (Table 3-3) were first digested with the restriction enzymes HindIII 
and BamHI to remove the BBTV4 promoter, and subsequently dephosphorylated 
(Section 2.2.4) to avoid plasmid recirculation.  The SHDIR16 promoter PCR product 
(Table 3-2) was cloned into the pGEM®-T Easy vector, sequence-verified, and 
subsequently removed by restriction digest using HindIII and BamHI for ligation into 
the open entry vectors to create the pSHDIR16 (no intron) (V36) and pSHDIR16-
iOsUbi2 (V37).  Similarly, the expression vector pSHDIR16-iZmUbi1 (V41) (Table 
3-3) was made by removing the promoter (ZMUBI1) of the entry vector pZm-Ubi1 
(V17) (Table 3-3) by digesting with restriction enzymes HindIII and BglII, and 
replacing ZMUBI1 with the SHDIR16 promoter (Table 3-2).  The three new 
expression vectors were subsequently sequence-verified. 
Chapter 3: Characterisation of Intron-Mediated Enhancement in Sugar Cane 
39 
 
Vectors for enhancer activity analysis 
To determine whether the four selected introns were functioning via IME or as 
a traditional enhancer element, each intron was cloned upstream of the promoter as 
outlined in Figure 3-2.  Five expression vectors were constructed for enhancer 
activity analysis (Table 3-4); iZmUbi1-pZMUBI1 (V39), iOsUbi2-pZMUBI1 (V34), 
iOsUbi3-pZMUBI1 (V40), iOsActin2-pZMUBI1 (V38) and iOsUbi2-pBBTV4 (V35).  
These vectors correspond to the five intron-containing expression vectors used for 
IME analysis (Table 3-3).  The entry vectors pZMUBI1 (V15) and pBBTV4 (V16) 
(Table 3-3) were digested with restriction enzymes KpnI and HindIII, located 
upstream of each promoter, and subsequently treated with alkaline phosphatase to 
dephosphorylate the ends prior to the ligation of each of the four individual introns 
(Table 3-2).   
 
 
Figure 3-2 Schematic representation of constructs used for enhancer activity analysis. 
The optimised GUS coding sequence (scoGUS) was controlled by a promoter (ZMUBI1 or BBTV4) 
with the intron located upstream of the promoter.  TMVΩ, translational enhancer; Alt. Kozak, 
alternative Kozak sequence gcggccgcc; tNos, nopaline synthase terminator 
 
Table 3-4 List of constructs for enhancer activity analysis. 
Construct ID Construct name Reporter gene Cloning notes 
V39 iZmUbi1-pZMUBI1 scoGUS iZmUbi1 upstream of pZMUBI1 
V34 iOsUbi2-pZMUBI1 scoGUS iOsUbi2 upstream of  pZMUBI1 
V40 iOsUbi3-pZMUBI1 scoGUS iOsUbi3 upstream of  pZMUBI1 
V38 iOsActin2-pZMUBI1 scoGUS iOsActin2 upstream of pZMUBI1 
V35 iOsUbi2-pBBTV4 scoGUS iOsUbi2 upstream of pBBTV4 
 
The three rice introns iOsUbi2, iOsUbi3 and iOsActin2, and the maize 
polyubiquitin-1 intron were amplified by PCR with specific primer pairs MK10710-
1F & MK10710-2R, AP71010-3F & AP71010-4R, AP71010-5F & AP71010-6R and 
AP71010-1F & AP71010-2R, respectively (Table 3-2 and Figure 3-3).  All PCR 
products were flanked by the restriction enzyme sites KpnI (at the 5’ end) and 
HindIII (at the 3’ end) for cloning.  The 1063 bp PCR product for the iOsUbi2 
contained 77 bp of the gene’s 5’ UTR exon 1, the 962 bp intron and 12 bp from the 
start of the coding sequence with the ATG start codon removed (Figure 3-3 A).  The 
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1192 bp PCR product for the iOsUbi3 contained 25 bp of the gene’s 5’ UTR exon 1, 
the 1140 bp intron and 15 bp of the start of the coding sequence with the ATG start 
codon mutated to AAG (Figure 3-3 B).  The 1765 bp PCR product for the iOsActin2 
contained 10 bp of the gene’s 5’ UTR exon 1, the 1736 bp intron and 7 bp of 5’ UTR 
exon 2 (Figure 3-3 C).  Finally the 1056 bp PCR product for the iZmUbi1 contained 
34 bp of the gene’s 5’ UTR exon 1 and the 1010 bp intron (Figure 3-3 D).  All PCR 
products were ligated into the pGEM®-T Easy vector and subsequently cloned and 
sequenced.  Introns were removed from the pGEM®-T Easy vector with a KpnI and 
HindIII restriction enzyme digest in preparation for ligation into the entry vectors.  
Each intron was subsequently ligated into the open entry vector, cloned and sequence 
verified. 
 
 
Figure 3-3 Schematic representation of the structure of the PCR products of four investigated 
introns. 
(A) The structure of the PCR product of the rice polyubiquitin-2 intron.  (B) The structure of the PCR 
product of the rice polyubiquitin-3 intron.  (C) The structure of the PCR product of the rice actin-2 
intron.  (D) The structure of the PCR product of the maize polyubiquitin-1 intron. Forward and reverse 
primers are shown at the top left and bottom right hand corner of each schematic respectively.  The 
PCR products are flanked by the restriction enzyme sites KpnI and HindIII.  CDS = coding sequence, 
bp = base pair.  ATG = start codon. 
 
3.2.4 Transient analysis of expression from IME and enhancer activity vectors 
To assess the enhancing activity of the intron candidates, a transient assay 
involving the microprojectile bombardment (Section 2.5.2) of the expression 
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constructs into young sugar cane leaf (Section 2.5.1) was performed.  At 48 hours 
post-bombardment, gene expression was analysed using a semi-quantitative 
histological assay and a quantitative fluorimetric MUG assay (Section 2.6). 
3.2.5 Analysing introns for IMEter motifs 
Sequences for the iOsUbi2, iZmUbi1, iOsUbi3 and iOsActin2 (Appendix B) 
were analysed for the presence of the putative IME signal motif CGATT  [58] using 
Vector NTI.  The pentamer motif CGATT was the most common motif identified by 
the IMEterV2 in high scoring rice introns. 
 RESULTS 3.3
3.3.1 Improvement of a transient assay for characterisation of IME in sugar 
cane 
We previously developed a transient assay for sugar cane using young, fully 
differentiated sugar cane leaf (Section 2.5.1.2 and Section 2.5.2.2).  Quantitative 
analysis of gene expression was based on the accumulation of GUS as determined by 
using the fluorimetric MUG assay (Section 2.6).  Additional experiments were 
carried out to assess whether this transient assay could be improved.  Part of this 
improvement was designed to find out whether analysing gene expression at two 
days post-bombardment (as normally done) was the most appropriate time point for 
GUS analysis.   
To initially demonstrate the utility of a transient assay to screen for IME in 
sugar cane, we utilised the pZm-Ubi1 (full maize polyubiquitin-1 promoter with 
native intron) and the intron-less pZMUBI1 promoter (maize polyubiquitin-1 
promoter lacking the native first intron).  The pZMUBI1 promoter has been shown to 
drive substantially lower levels of gene expression than pZm-Ubi1, suggesting that 
the first intron may have IME activity [67].  The quantitative analysis of GUS 
accumulation from these two promoters was performed at 48, 96 and 144 hours post-
bombardment of young sugar cane leaf as a measurement of the levels of gene 
expression. 
Quantitative GUS analysis revealed significantly higher overall expression 
levels from the intron-containing construct compared with the intron-less control at 
both 48 and 96 hours post-bombardment (3.3- and 3.6-fold higher, respectively), 
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with the highest levels of GUS accumulation detected at 48 hours post-bombardment 
(Figure 3-4).  These data were consistent with previous fluorimetric MUG assays 
from these two constructs at 48 hours post-bombardment (Brett Williams, pers. 
comm.).  While the mean levels of GUS accumulation decrease for both sets of 
constructs after 48 hours, there was a significant reduction in GUS accumulation 
from the intron-containing construct at both 96 and 144 hours post-bombardment 
compared to 48 hours post-bombardment (Figure 3-4).  The significant decrease in 
GUS accumulation from the intron-containing construct over time as determined 
using the fluorimetric MUG assay was correlated with an increase in the level of 
chlorosis observed in the bombarded leaf samples.  These results indicated that 48 
hours post-bombardment was the most appropriate time to determine the levels of 
GUS accumulation in order to assess IME activity from introns. 
 
 
Figure 3-4 Analysis of transient gene expression in sugar cane leaf at different times following 
microprojectile bombardment. 
Young sugar cane leaf was bombarded with the pZm-Ubi1 and pZMUBI1 expression constructs.  GUS 
accumulation was assessed at 48, 96, and 144 hours post-bombardment using the MUG fluorimetric 
assay.  Means represented by different characters are significantly different (P<0.05; Student’s t-test).  
Data shown are the mean ±SD (n=3, biological replicates).  Fold increase in GUS accumulation from 
the intron-containing construct is relative to the respective time point for the intron-less construct. 
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3.3.2  Demonstrate the potential for introns to enhance gene expression in sugar 
cane 
The data presented in the previous section (Section 3.3.1, Figure 3-4) 
demonstrated the potential of the transient assay for assessing the enhancing activity 
of introns in sugar cane.  In addition, these data suggested that introns (like the maize 
polyubiquitin-1 first intron (iZmUbi1)) have the potential to increase gene expression 
in sugar cane from a promoter sequence.  To understand if increased gene expression 
could be achieved from different promoters and with different introns, additional 
constructs were generated for evaluation.  These constructs utilised the OsUbi2 and 
the ZmUbi1 first introns in combination with either the pZMUBI1 or the stem-
preferred sugar cane dirigent promoter (pSHDIR16).  The GUS reporter gene 
expression constructs were transiently transformed into young sugar cane leaf via 
microprojectile bombardment and analysed for GUS expression using both the 
fluorimetric MUG assay as well as a qualitative histochemical assay.  The use of a 
transient leaf assay to test a stem-preferred promoter was considered appropriate 
because this promoter was reported to give low levels of expression in sugar cane 
leaf in response to stress signalling molecules [46]. 
The quantitative analysis of GUS activity in sugar cane leaves transiently 
transformed with the different constructs once again revealed a significant increase in 
GUS levels from intron-containing constructs compared to the intron-less controls 
for both promoters (Figure 3-5).  GUS activity increased up to 19-fold for the sugar 
cane dirigent promoter in combination with the ZmUbi1 intron when compared with 
the same promoter lacking an intron (Figure 3-5).   
Overall there were higher levels of GUS activity from intron-containing 
constructs driven by the ZMUBI1 promoter (0.12 and 0.14 nmoles 4-MU/mg of 
soluble protein/minute) compared with the SHDIR16 promoter (0.05 and 0.07 
nmoles 4-MU/mg of soluble protein/minute).  However, the fold-increase relative to 
the intron-less control was lower for the ZMUBI1 promoter (3.4- and 3.9-fold 
increase in GUS expression) in comparison with the fold increase from the SHDIR16 
promoter (15- and 19-fold increase in GUS expression) (Figure 3-5). 
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Figure 3-5 Transient GUS accumulation in sugar cane leaf from constructs driven by the sugar 
cane dirigent and maize polyubiquitin-1 promoters. 
Young sugar cane leaf was bombarded with constructs driven by the (A) pSHDIR16 (sugar cane 
dirigent promoter) or (B) pZMUBI1 containing either the iOsUbi2 or the iZmUbi1. Constructs 
possessed the sugar cane optimised GUS reporter gene (scoGUS).  GUS accumulation was quantitated 
using the MUG fluorimetric assay.  Fold increases are relative to the intron-less constructs.  WT; wild 
type untransformed control.  Data shown are the mean ±SEM (n=3, biological replicates).  Means 
represented by different characters are significantly different (P<0.05, Student’s t-test). 
 
A histochemical analysis of GUS expression in the sugar cane leaves was used 
to further assess gene expression from constructs possessing the OsUbi2 intron.  
These results support the quantitative data by showing that the rice OsUbi2 intron 
substantially increased the number of GUS expressing blue foci from both the 
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3-6).  These data indicate that two different introns are capable of increasing gene 
expression from different promoters in sugar cane. 
 
 
Figure 3-6 Histochemical GUS staining of young sugar cane leaf bombarded with different 
expression constructs. 
Young sugar cane leaves were bombarded with the following constructs; A) pZMUBI1-scoGUS, B) 
pZMUBI1-iOsUbi2-scoGUS, C) pSHDIR16-scoGUS, D) pSHDIR16-iOsUbi2-scoGUS, E) pZm-Ubi1.  
Leaf samples were incubated in buffer containing X-Gluc for 48 hours post-bombardment. 
 
3.3.3 Effect of intron location on gene expression enhancement 
In order for introns to increase gene expression via IME, the enhancing introns 
must be; 1) present in either the 5’ UTR or within approximately 1 kb of the 
transcriptional start site, 2) efficiently spliced, and 3) in the forward orientation.  To 
determine whether specific introns that enhanced gene expression in sugar cane were 
acting via IME, the enhancing activity of these introns was assessed in constructs 
where the intron was located upstream of the promoter sequence. 
The effect of intron location on the enhancing activity of the OsUbi2 intron 
was assessed using both the ZMUBI1 and BBTV4 promoters.  Quantitative results 
showed a significant 3.7- and 3.3-fold increase in GUS expression from these two 
promoters, respectively, when the OsUbi2 intron was present in the 5’ UTR (Figure 
3-7 A and B).  In contrast, no enhancing activity was detected when the intron 
resided upstream of either of these promoters (iOsUbi2-pZMUBI1 and iOsUbi2-
pBBTV4) (Figure 3-7 A and B).  These data suggest that the OsUbi2 intron was 
enhancing expression by IME and not by functioning as a traditional enhancer 
element. 
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Similar results were obtained using three additional introns (iZmUbi1, 
iOsUbi3, and iOsActin2) in combination with the ZMUBI1 promoter.  The iZmUbi1, 
iOsUbi3, and iOsActin2 introns were found to significantly (P<0.05) increase gene 
expression from pZMUBI1 when they were present in the 5’ UTR (Figure 3-7 C, D 
and E).  In contrast, no significant increase in gene expression was detected when 
these introns were placed upstream of the promoter (Figure 3-7 C, D and E).  The 
Zm-Ubi1 promoter had previously been shown to function relatively poorly when its 
native 5’ UTR intron was removed (Figure 3-4, Figure 3-5 B).  The results shown in 
Figure 3-7 C further support the role of the ZmUbi1 first intron in enhancing gene 
expression from this promoter as shown by the significant 3.1-fold increase in 
expression relative to the intron-less control.  Overall, these results indicate that the 
iOsUbi2, iZmUbi1, iOsUbi3, and iOsActin2 introns are capable of increasing gene 
expression in sugar cane, and that these introns are likely acting via IME rather than 
by functioning as traditional enhancer elements. 
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Figure 3-7 Transient GUS expression in sugar cane leaf to examine the importance of intron 
location on gene expression enhancement. 
Young sugar cane leaf was bombarded with constructs containing the following promoter and 
enhancing intron combinations; (A) pZMUBI1 and iOsUbi2, (B) pBBTV4 and iOsUbi2, (C) pZMUBI1 
and iZmUbi1, (D) pZMUBI1 and iOsUbi3 and (E) pZMUBI1 and iOsActin2.  Each individual intron 
was placed either upstream of the promoter or downstream of the promoter.  All constructs drive the 
expression of the sugar cane optimised GUS gene (scoGUS).  GUS expression was quantitated using 
the fluorimetric MUG assay.  WT; wild type untransformed control.  Fold increases are relative to the 
intron-less control.  Data shown are the mean ±SEM (n=3, B, D and E; n=6, A and C; n=biological 
replicates).  Data represented by different characters are significantly different (P<0.05, Student’s t-
test). 
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3.3.4 Assessing the potential for IMEter scores and intron length to predict 
enhancing introns 
One to six copies of the IMEter motif CGATT were present in the four 
investigated introns (Figure 3-8 A).  The single IMEter motif for iZmUbi1, all three 
motifs in iOsUbi3, and five of the six motifs for iOsUbi2 were located within the 5’ 
half of these introns (Figure 3-8 A).  For iOsActin2, however, all of the IMEter 
motifs were located within the 3’ half (Figure 3-8 A).  The IMEter scores for 
iOsUbi2 and iOsUbi3 were similar despite iOsUbi2 having twice as many motifs.  
This is due to the IMEter (IMEterV2 [58]) assigning scores based on not just the 
number of putative IME motifs present within the intron, but also the distance in 
which the motifs are located relative to the promoter region [58].  The further away 
the IME signals are from the promoter region, the less they affect IME [58].   
GUS analysis (Figure 3-5) showed that levels of enhancement from both the 
iOsUbi2 and iZmUbi1 were comparable however the number of CGATT motifs 
found on these introns (6 in iOsUbi2 and 1 in iZmUbi1) suggests that the CGATT 
motifs may not be the only sequence involved in IME.  If relatively high IMEter 
scores equate to higher IME levels, then iOsUbi3 would have higher levels of GUS 
activity, however this is not the case as shown in Figure 3-7.  From correlation 
analysis, the number of IMEter motifs did not show a strong correlation (r
2
 = 0.1959) 
with GUS activity (Figure 3.7 B) for these four introns in combination with 
pZMUBI1 (Figure 3-9 A).  Scatter plots were further constructed to assess the 
correlation between IME activity and both IMEter score and intron length.  There 
was no strong correlation observed between IMEter score (r
2
 = 0.0073) or intron 
length (r
2
 = -0.4054) with IME activity levels for the set of four introns characterised 
(Figure 3-9 B and C).   
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(A) 
 
(B) 
Intron IME of GUS expression from different promoters 
Name 
 
pZMUBI1 
 
 
pSHDIR16 
 
pBBTV4 
Fold 
4-MU 
(nmol/mg 
protein/min)7 
 
Fold 
4-MU 
(nmol/mg 
protein/min)7 
 
Fold 
4-MU 
(nmol/mg 
protein/min) 
iZmUbi1 3.1-fold1     0.0777 19-fold5 0.0663 nd nd 
iOsUbi2 3.7-fold2     0.0927 15-fold5 0.0514 3.3-fold6 0.0896 
iOsUbi3 2.2-fold3     0.0341 nd nd nd nd 
iOsActin2 2.7-fold4     0.0424 nd nd nd nd 
 
Figure 3-8 Bioinformation and GUS expression of assessed introns. 
 (A) Schematics of introns assessed for IME showing the location of the IMEter motifs.  The IMEter 
scores and size of each intron are indicated. IMEter scores were determined using the IMEterV2 
(http://korflab.ucdavis.edu/cgi-bin/IMEter_2014/web-imeter2.1.pl).  iOsUbi2, rice polyubiquitin-2 
intron; iZmUbi1, maize polyubiquitin-1 intron; iOsUbi3, rice polyubiquitin-3 intron; iOsActin2, rice 
actin-2 intron; bp, base pair.  (B) Summary of the levels of expression enhancement from intron 
containing constructs.  
1 
pZMUBI1-iZmUbi1 (pZm-Ubi1) average enhancement of expression as 
determined from Figure 3-4 48hr, Figure 3-5 B and Figure 3-7 C; 
2 
pZMUBI1-iOsUbi2 average 
enhancement of expression from Figure 3-5 B and Figure 3-7 A; 
3 
pZMUBI1-iOsUbi3 average 
enhancement of expression from Figure 3-7 D; 
4 
pZMUBI1-iOsActin2 average enhancement of 
expression from Figure 3-7 E; 
5 
pSHDIR16-iZmUbi1 and pSHDIR16-iOsUbi2 average enhancement 
of expression from Figure 3-5 A; 
6 
pBBTV4-iOsUbi2 average enhancement of expression from Figure 
3-7 B; 
7
GUS expression from IME constructs from Figure 3-7; nd = no data 
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Figure 3-9 Scatter plots showing the correlation between IME activity with pZMUBI1 vs. (A) 
number of IMEterV2 motifs; (B) IMEter score and (C) intron length. 
GUS activity values were from data using the ZMUBI1 promoter in Figure 3-7 as tabulated in Figure 
3-8 B.  The number of IMEter motifs, IMEter score and intron length for the investigated introns are 
highlighted in the schematic in Figure 3-8 A. 
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 DISCUSSION 3.4
The ability of introns to enhance gene expression via IME has been extensively 
studied in both monocots [9, 71, 92, 113, 131] and dicots [6, 67, 71, 80], however no 
detailed analysis of IME has been performed in sugar cane to date.  Molecular tools 
such as IME offer an opportunity to increase gene expression in sugar cane, and 
would be useful in the application of biotechnology to this important crop.  Therefore 
the main focus of the work described in this chapter was to: (i) develop and improve 
a transient assay for analysing gene expression in sugar cane, (ii) identify a selection 
of enhancing introns and examine their functionality in enhancing gene expression in 
sugar cane, and (iii) assess the general mechanism by which these enhancing introns 
improve gene expression in sugar cane (i.e. IME vs traditional enhancer activity). 
In this chapter, we provide evidence that introns can enhance transgene 
expression in sugar cane via IME.  Utilising the transient assay, we demonstrated the 
functionality of all four investigated introns (iOsUbi2, iOsUbi3, iZmUbi1, and 
iOsActin2) in enhancing gene expression from the ZMUBI1 promoter in sugar cane.  
Gene expression enhancement from all four introns was via the process of IME, and 
not due to the introns functioning as transcriptional enhancers.  The OsUbi2 intron 
was found to be one of the best enhancing introns in sugar cane, similar to the first 
intron of the maize polyubiquitin-1 gene.  The enhancing ability of the OsUbi2 intron 
in sugar cane was not limited to one promoter, and higher levels of enhancement 
were shown with the stem-preferred SHDIR16 sugar cane promoter (15-fold) 
compared to the ZMUBI1 promoter (3.9-fold). The results demonstrate the reliability 
of our GUS assay in quantitating transient gene expression in sugar cane, with 48 
hours post-bombardment being a reliable time point for assessing transient 
expression in sugar cane leaves. 
Transient GUS assay in sugar cane 
Transient accumulation of GUS was used to characterise gene expression from 
various constructs in sugar cane.  A reliable transient assay is a valuable resource for 
efficiently assessing the expression from a number of constructs in sugar cane, 
especially considering the time required to generate stable transgenic plants.  To 
assess the enhancing activity of the intron candidates, a transient assay was utilised 
involving the microprojectile bombardment of the expression cassettes into young 
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sugar cane leaf as described in Section 2.5.  The expression was subsequently 
analysed using a semi-quantitative histological assay and a quantitative fluorimetric 
MUG assay (Section 2.6).   
Transient assays sometimes utilise a second reporter gene in order to 
standardise the variations in gene expression that can occur following transformation.  
However, many transient assays on IME involving reporter genes such as GUS, LUC 
and CAT have been successfully carried out without the use of a second reporter gene 
[68, 69, 132].  Nevertheless, the use of the Luciferase reporter gene from the firefly 
Photinus pyralis was considered, but was not further pursued due to the lack of 
necessary equipment for LUC protein expression assessment.  When a second 
reporter gene is not utilised it is important to monitor the consistency of the transient 
assays to ensure that there is not a large variation in relative expression from one 
transient assay to another.  Even though absolute expression values from a specific 
construct were observed to vary between assays, the relative GUS activity of intron 
containing and intron-less constructs was found to be highly consistent and 
repeatable in our assays.  For example, GUS accumulation from the pZm-Ubi1 
construct relative to the pZMUBI1 (no intron) was 3.3-, 3.4-, and 3.1-fold higher in 
three independent transient assays (Figure 3-4 48 h, Figure 3-5 B and Figure 3-7 C).  
In two independent transient assays of the pZMUBI1-iOsUbi2 construct, GUS 
accumulation levels were 3.7- and 3.9-fold (Figure 3-5 B and Figure 3-7 A) higher 
than the intron-less control.  Furthermore, the histochemical staining of leaf samples 
bombarded with IME cassettes of iOsUbi2 combined with either the pZMUBI1 or the 
stem-preferred pSHDIR16 (Figure 3-6) showed a strong correlation in terms of the 
number of blue foci compared to GUS accumulation detected via the fluorimetric 
MUG assay (Figure 3-5). 
A study of bentgrass (Agrostis palustris) showed that higher transient GUS 
accumulation was obtained with mature, fully expanded leaves from three month-old 
plants compared to young, non-expanded leaves from one month-old plants 
following microprojectile bombardment [133].  Sugar cane calli, protoplasts, and 
immature furled leaf from the crown of mature sugar cane plants have previously 
been used in transient assays to evaluate transgene expression in sugar cane [85, 99, 
126, 134, 135].  Preparing calli [126], protoplasts [134, 135] and immature furled 
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leaf [85] for transient transformation is time consuming, labour intensive, and 
requires specific growth media and/or pre-treatments.  Our sugar cane explant leaf 
material required no special pre-treatment before or after bombardment, and only 
required water agar throughout the transformation process.  In addition, this 
differentiated leaf tissue is likely a better alternative to undifferentiated plant cells for 
predicting gene expression in mature transgenic sugar cane leaves.  
The transient leaf assay was subsequently used to assess IME with the stem 
preferred sugar cane dirigent (SHDIR16) promoter.  The analysis of the potential for 
introns to boost expression of promoters that function predominantly in the stem of 
sugar cane is important because of the promise that genetic engineering holds for 
improving stem derived traits (e.g. increased sugar content, altered sugar content, 
alternative product synthesis).  We attempted to develop a transient assay using sugar 
cane stem but were unsuccessful in obtaining consistent results.  In addition, a 
transient assay utilising sugar cane stem would require a sustained supply of well-
developed stem tissues, which would be more difficult to obtain on a continual basis 
relative to leaf.  Although this promoter was reported to be stem preferred, 
quantitative GUS analysis showed low levels of expression in the leaf [46].  
Furthermore, Damaj et al. [46], also reported that transgene expression from the 
SHDIR16 promoter was induced in the leaf and root in response to signalling 
molecules that regulate biotic and abiotic stress responses (i.e. salicylic acid, 
jasmonic acid and methyl jasmonate) [46].  These data indicate that transcription 
factors involved in activating the dirigent promoter were present in this organ, and 
thus the leaf should be an appropriate organ for assessing IME with the SHDIR16 
promoter. 
The levels of transient GUS accumulation from expression vectors following 
microprojectile bombardment were determined using a semi-quantitative histological 
assay and a quantitative fluorimetric MUG assay as described by Jefferson et al. 
[106] with some modifications (Section 2.6).  One of the factors determining the 
sensitivity of this assay was finding the optimum time post-bombardment to perform 
the MUG assay to capture peak transient expression in the cells.  Preliminary 
experiments at the CTCB laboratory (QUT) with Nicotiana tobaccum showed that 
six days post bombardment was the best time to capture peak transient GUS 
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expression (K. Norkunas, pers. comm.).  Studies with bentgrass (Agrostis palustris) 
cultivar Providence showed that the frequency of GUS foci peaked at 72 hours post-
bombardment of callus material [133].  However, in the same study, the frequency of 
GUS foci peaked at 48 hours post-bombardment with the bentgrass cultivar Penn A4, 
suggesting that the genotype may effect transient accumulation of GUS in bentgrass 
[133].  From our findings (Figure 3-4), 48 hours post-bombardment was an 
appropriate time to capture peak levels of transient GUS expression from sugar cane 
mature leaf samples compared to 96 and 144 hours.  After 48 hours, leaf senescence 
was obvious which likely caused the expression to become lower and more variable.  
The fluorimetric and histochemical analyses of GUS have previously been carried 
out at 48 hours post-bombardment in sugar cane [85, 99, 126, 135, 136] and maize 
[93].  Frank and Birch [136] stated that transient expression of GUS in sugar cane 
cells via microprojectile bombardment was best detected between 1-2 days post-
bombardment as the half-life of the GUS enzyme is estimated at 50 hours [137].  In 
the present study, time points beyond 48 hours were examined because preliminary 
studies in Nicotiana tobaccum had shown that transient GUS expression peaked at 6 
days post-bombardment.  We cannot rule out the possibility that optimum transient 
expression may occur earlier than 48 hours or between 48 and 96 hours. 
Intron-mediated enhancement in sugar cane 
The enhancement of gene expression from introns via IME had been 
previously demonstrated in several monocots including maize [9, 65] and rice [74, 
92, 131], as well as  dicots such as Arabidopsis [80] and petunia [138].  Although the 
mechanism of IME has not been elucidated, several studies have shown that 
enhancing introns increase protein expression by influencing the steady state levels 
of mRNA without affecting its stability [76, 77, 81].  It has also been suggested that 
introns may increase gene expression through the enhancing effect of intron splicing 
[94, 139].  The splicing of introns had been shown to deposit protein complexes 
around the exon-intron junctions, which promotes efficient mRNA export from the 
nucleus to the cytoplasm.  These protein complexes were also recognised by 
ribosomes for the initiation of protein synthesis [55, 57, 140, 141].   
In sugar cane, the development of molecular tools for improving the levels of 
transgene expression will be beneficial.  Currently, the Zm-Ubi1 promoter [37] is one 
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of the most commonly used promoters for sugar cane biotechnology [38].  Zm-Ubi1 
has been shown to produce significantly higher levels of protein accumulation in 
sugar cane [85, 132] compared to other promoters such as the dicot CaMV35S 
promoter, the synthetic Emu promoter [142] and the rice actin-1 promoter [143].  
However, expression from the Zm-Ubi1 promoter has been shown to be variable and 
may not be sufficient for some commercial purposes [12].  Recently, a study by 
Kinkema et al. [38] showed significantly higher levels of constitutive transgene 
expression from a promoter derived from the Cestrum yellow leaf curling virus 
(CmYLCV) compared to the Zm-Ubi1 promoter.  Interestingly, the CmYLCV 
promoter incorporated the native intron of the Zm-Ubi1 promoter, but the importance 
of this intron for driving gene expression was not assessed.  To date, no systematic 
study has been carried out to assess the potential for introns to improve gene 
expression in sugar cane, and furthermore the mechanism by which introns may 
enhance gene expression in sugar cane has not been studied. 
The Zm-Ubi1 promoter, like many of the commonly utilised monocot-derived 
promoters including the maize Sh1 [69] , maize adh1 [144] and the rice Act1 [143], 
retain the first intron of the 5’ UTRs suggesting the importance of introns for strong 
promoter activity.  In our study, removal of the 5’ UTR native intron (iZmUbi1) of 
the Zm-Ubi1 promoter [37] caused a significant reduction in GUS accumulation in 
sugar cane cells.  Similar results were shown in banana where the removal of the first 
intron from the Zm-Ubi1 promoter significantly reduced transient expression of GUS 
via microprojectile bombardment [67].  The current study found that replacing the 
native ZmUbi1 intron with the OsUbi2, OsUbi3 or OsActin2 introns also 
significantly increased gene expression from the ZMUBI1 promoter (3.8-, 2.2-, and 
2.7-fold respectively), compared to the intron-less control.  These are the most 
detailed analyses to date suggesting that IME may be a useful approach for 
enhancing gene expression in sugar cane.  
For IME, the enhancing effect of introns is dependent on their position within 
the gene.  A study in maize by Calli et al. [65] showed that the Adhl intron did not 
stimulate CAT expression when located outside the transcribed region.  When 
located within the transcribed region, the maize Adhl first intron stimulated CAT 
expression only when located between the promoter and the CAT coding region.  The 
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enhancement of gene expression by IME can be clearly distinguished from increases 
in gene expression that are caused by classical enhancers.  Enhancers are able to 
increase gene expression regardless of orientation and location relative to the gene of 
interest.  Introns on the other hand must be present in the transcriptional unit, 
preferably within 1 kb of the transcriptional start site, and must be in the forward 
orientation to enhance gene expression.  We found that when all four enhancing 
introns, iZmUbi1, iOsUbi2, iOsUbi3 and iOsActin2, were located upstream of the 
ZMUBI1 promoter there was no enhancement of GUS accumulation relative to the 
intron-less control.  These data suggest that all of these introns were enhancing GUS 
expression from the ZMUBI1 promoter in sugar cane via IME, and did not act as 
classical transcriptional enhancers.   
The OsUbi2, OsUbi3 and OsActin2 first introns were reported to be important 
for their native promoter activity in rice [92, 125, 127, 128, 143].  The OsUbi3 intron 
was also shown to increase GUS expression 8- and 9-fold in rice from the rice actin-
1 promoter [143] and the rice histone H3A promoter [125], respectively.  The rice 
polyubiquitin-2 promoter (RUBQ2) [129] containing the OsUbi2 first intron gave 
higher GUS expression in rice and sugar cane compared to the CaMV35S and Zm-
Ubi1 promoters [40, 128, 129].  No specific studies have been carried out, however, 
to examine in detail the enhancing potential of the OsUbi2 intron.  For the introns 
characterised in this initial study, the OsUbi2 intron was one of the best introns for 
enhancing gene expression from different promoters in sugar cane.   
IME from the ZmUbi1 and OsUbi2 introns was not restricted to a single 
promoter.  Both introns significantly increased gene expression from either the 
ZMUBI1 or SHDIR16 promoter, and the OsUbi2 intron also enhanced expression 
from the BBTV4 promoter.  IME by a single enhancing intron in combination with 
more than one promoter was previously demonstrated in studies on the maize alcohol 
dehydrogenase 1-S (Adh1-S) first intron.  The maize Adh1-S first intron boosted GUS 
and LUC expression from its native promoter (Adh1) and the cauliflower mosaic 
virus 35S promoter to levels between 2.4- and 3.7-fold [68].  In the current study, we 
observed that absolute GUS activity from leaves transformed with the ZMUBI1 
promoter in combination with iZmUbi1 or iOsUbi2 was higher compared with the 
SHDIR16 promoter (Figure 3-5).  The fold increase in expression levels, however, 
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was higher with the weaker SHDIR16 promoter.  This observation is consistent with 
previous findings showing that the degree of enhancement is usually greater for 
weaker promoters [9, 65, 145].  For example, the leader intron of the AtMHX gene 
conferred a 272-fold increase in expression with the weak AtMHX promoter 
compared to a 3-fold increase when this intron was combined with the stronger 
CaMV35S promoter [6].  These observations suggest that there may be a threshold 
level of gene expression that limits expression levels attained by a promoter and 
enhancing intron, and thus the stimulating effect of the intron will depend on the 
strength of the intron-less promoter.  This means the full effect of the enhancing 
intron on gene expression can be realised more effectively with a weaker promoter 
compared to a stronger promoter.   
The observation that introns from maize (iZmUbi1) and rice (iOsUbi2, iOsUbi3 
and iOsActin2) elevated expression of GUS in sugar cane suggests that signals for 
IME are conserved amongst these three monocot species.  Although we do not yet 
fully understand the mechanism of IME, the fact that IME signals are highly 
conserved suggests that there is a common mechanism for IME in different plants.  
The computational bioinformatics approach developed by Rose et al. [58, 90] known 
as the IMEter attempts to identify potential enhancing introns by scoring them on 
how closely they match a promoter-proximal intron sequence profile.  For the four 
introns characterised here, the IMEter [58] scores and intron lengths did not show a 
strong correlation (Figure 3-9) with the IME activities.  Based on these results, the 
usefulness of the IMEter in predicting IME in sugar cane is contentious.  The 
screening of a larger set of introns may shed light on the usefulness of the IMEter 
system in determining enhancing introns for sugar cane.   
The absence of any correlation of IME from the investigated introns with IME 
signals identified by Parra et al. [58] (IMEterV2) suggests that the mechanism 
involved in IME may extend beyond the mere presence of specific nucleotide 
sequences, and may involve the formation of secondary RNA structure.  Different 
studies have suggested that secondary structure may influence gene expression.  
Studies by Ringnér and Krogh [146]  found significant correlations between folding 
free energies of 5’ UTRs and various transcript features measured in a genome-wide 
study of yeast.  Based on this analysis, there is bias for 5’ UTRs to be weakly folded.  
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Furthermore, the weakly folded 5’ UTRs have higher translation rates, higher 
abundances of corresponding proteins, longer half-lives and higher numbers of 
transcripts [146].  Secondary structure interactions within introns have been shown to 
be essential for efficient splicing of several yeast genes [147].  Using computational 
RNA secondary structure prediction software, the study found a correlation between 
splicing efficiency and the secondary structure formed by complementary pairing 
between two sequence segments located downstream of the 5’ splice site and 
upstream of the branchpoint sequence.  Although such work has not been done in 
plants, it may be beneficial for examining the potential mechanism of IME.  A closer 
analysis of the degree of intron splicing and the formation of transcript secondary 
structures of enhancing introns may be useful in determining IME capabilities of 
enhancing introns.   
The process of intron splicing has been suggested to play a major role in how 
introns enhance gene expression.  Numerous studies have shown that correct and 
efficient intron splicing was essential for full IME potential of an enhancing intron 
[6, 8, 53, 86, 90, 92].  The data presented here showed a significant level of 
enhancement from the intron-containing constructs compared to the intron-less 
controls, which may suggest that a high degree of correct splicing is occurring.  
Performing splicing assays will be helpful to confirm whether the enhancing introns 
were correctly and efficiently spliced from the precursor messenger RNA.  
Conclusion 
The work presented in this chapter was the first systematic demonstration of 
the functionality of introns to enhance transgene expression by IME in sugar cane.  
The IME potential of four monocot introns was assessed using a transient assay that 
utilised young sugar cane leaf.  The results of the transient assay showed that gene 
expression enhancement from an enhancing intron was not limited to one promoter, 
and that different enhancing introns have varying levels of enhancement activity.  
The OsUbi2 intron was identified as a strong enhancing intron in sugar cane.  A 
detailed characterisation of iOsUbi2 may help to identify sequences involved in 
enhancing gene expression.  
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Chapter 4: Detailed Characterisation of IME 
from the Rice Polyubiquitin-2 Intron 
in Sugar Cane 
 INTRODUCTION 4.1
Plant introns that stimulate gene expression via IME have been documented in 
monocots such as maize (Zea mays) [9, 65, 68, 71, 79, 113] and rice (Oryza sativa) 
[112, 143], and in dicots such as Arabidopsis [72, 148] and petunia (Petunia hybrid) 
[71, 138].  Levels of IME are generally more prominent in monocots compared to 
dicots [63], and the majority of enhancing introns identified to date are first introns 
from highly expressed genes (usually house-keeping genes) [58].  IME requires that 
introns be oriented in their forward direction, and be present within the transcribed 
region in close proximity to the promoter (e.g. within the 5’ UTR) [65]. IME is 
reduced or abolished when an enhancing intron is moved either upstream of the 
promoter or more than 1 kb downstream of the promoter [53, 65].  Most 3’ UTR 
introns do not possess IME activity and many, but not all, 5’ UTR introns appear 
capable of enhancing gene expression [53]. IME from an enhancing intron is often 
not restricted to a single promoter, although different enhancing introns often show 
different enhancement levels from the same promoter [65, 68, 149].  The fact that 
enhancing introns can possess varying levels of IME activity, and that not all introns 
provoke IME, suggests that some introns contain more stimulatory signals than 
others.  
Deletion analysis is one approach that has been used to try and identify 
sequences within introns that may be responsible for enhancing gene expression [6, 
70, 86, 90, 92, 95, 96].  Intron deletion studies have generally reported that large 
segments of enhancing introns could be removed without substantially reducing 
IME.  For example, 883 nucleotides from the 1028 nucleotide first intron of the 
maize Sh-1 gene could be deleted with only minor effects on its enhancing ability 
[86].  In another study, all sequences spanning the Arabidopsis anthranilate 
phosphoribosyltransferase (TRP1) gene first intron were individually deleted without 
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reducing IME [90].  These findings suggested that sequences important for IME were 
likely redundant and dispersed throughout enhancing introns.  
To date no specific sequence has been identified and clearly demonstrated to be 
responsible for IME.  A bioinformatics approach has been investigated to try and 
identify sequences important for IME.  The IMEter algorithm proposed that the 
composition of promoter-proximal introns differed substantially from promoter-distal 
introns in that they were enriched with signals that functioned in IME [31, 58].  
These enhancing signals were said to be redundant and dispersed within the 
enhancing introns but biased towards the 5’ end.  Based on this approach, sequence 
motifs found to be overrepresented in the promoter proximal introns of rice and 
Arabidopsis, and whose occurrence in tested introns was proportional to their effect 
on expression were suggested to be important for IME.  For rice, the sequence motif 
CGATT was found to be abundant in promoter-proximal introns [31], however the 
validity of IMEter as a prediction tool has yet to be thoroughly tested using a large 
set of functionally characterised introns.  
Although the mechanism of IME is unknown, studies in Arabidopsis [81] 
revealed that introns can stimulate gene expression by acting at two different levels 
of gene expression.  At the transcriptional level, the accumulation of high levels of 
mRNA was observed depending on the intron used and its position within the gene.  
At the translational level, roughly twice as much reporter enzyme activity was seen 
compared to mRNA accumulation.  These findings support a model whereby introns 
stimulate both transcription and translation in plants. 
Generally, it is found that IME from enhancing introns (measured by reporter 
enzyme activity) is reduced when intron splicing efficiency is reduced [66].  Intron 
splicing has been linked to transcript polyadenylation, transport and translation 
efficiency, particularly in animal studies [56, 150, 151].  Several studies in plants 
have provided evidence suggesting that splicing is required for optimal IME activity 
in plants [6, 8, 86, 131].  These studies showed that IME could be significantly 
reduced or abolished by disabling intron splicing via sequence mutagenesis of splice 
sites, deletion of 5’ exon flanking sequences or through specific intron deletions [86, 
90, 92].  The processing of pre-mRNA to mature mRNA is a vital step prior to export 
of the mRNA to the cytoplasm for protein synthesis.  Processing involves the 
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addition of a 5’ cap, removal of introns and joining of exons and the addition of the 
3’ poly-A tail.  The efficiency of splicing is primarily dependent on flanking 
sequences at the exon-intron border, which allow correct recognition of the donor 
and acceptor splice sites [70].  The splicing of introns is an elaborate process 
performed by the spliceosome, which deposits protein complexes at the exon-intron 
junction [55].  Studies in animals have shown that the exon junction complex (EJC) 
is associated with intron stability, RNA export to the cytoplasm and attracting 
ribosomes for protein synthesis [55, 152].  While splicing is clearly important for 
IME, the fact that not all spliced introns are able to enhance expression lends further 
support to the idea that specific sequences within enhancing introns may be 
responsible for IME.  
A number of studies have revealed that individual introns have the capacity to 
drive gene expression in the absence of a promoter [67, 120, 131, 142], although the 
mechanism by which these introns behave like promoters has not been well defined.  
The presence of some important core promoter elements such as TATA box and 
CAAT box sequences have been detected in many of the introns reported to have 
promoter-like activity, but it is not known if these sequences function in the 
promoter-like activity displayed by some introns.  Interestingly, many of the introns 
reported with promoter-like activity also facilitate IME [67, 120, 131].  
Understanding the fundamentals of the relationship between IME and promoter-like 
activity of enhancing introns may serve to clarify the regulatory effect of introns on 
gene expression. 
In this chapter, we hypothesised that IME in sugar cane was determined by 
specific sequences within enhancing introns.  To examine intron sequences that may 
be involved in enhancing gene expression in sugar cane, we undertook a detailed 
analysis of the first intron of the rice polyubiquitin-2 (RUBQ2) gene via a sequence 
deletion analysis.  As described in the previous chapter, the 962 bp first intron from 
the RUBQ2 gene (iOsUbi2) was found to be one of the best enhancing introns from 
our set of characterised introns. The RUBQ2 gene encodes a hexameric precursor 
polyubiquitin protein with an amino acid sequence identical to that of other plant 
polyubiquitin sequences, including those from maize and A. thaliana [129].  The 
coding sequence was shown to be 88% identical to the maize polyubiquitin gene.  
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Like all of the characterised introns reported in the previous chapter, iOsUbi2 
enhanced gene expression via IME and did not act as a transcriptional enhancer.  
Therefore, to identify sequences in iOsUbi2 that may function in IME we assessed 
the enhancing activity for a series of iOsUbi2 deletions.  Further characterisation of 
these deletions for promoter-like activity was also undertaken to better understand 
the relationship between IME and the promoter-like activity of enhancing introns.  
The identification of sequences involved in enhancing gene expression may help 
clarify the mechanism behind IME.  In addition, the enhancing sequences can be 
used to help design introns with improved enhancing activity.  
Therefore the specific objectives of this chapter were: 
 Carry out a detailed characterisation of the rice polyubiquitin-2 intron to 
identify regions or sequences that may be responsible for IME 
 Examine the relationship between IME and intron promoter-like activity 
 METHODS AND MATERIALS 4.2
4.2.1 Cloning of iOsUbi2 in pGEM®-T Easy 
The OsUbi2 intron was isolated and amplified from construct pBBTV4-
iOsUbi2 (V24) (Section 3.2.3; Table 3-3) by PCR as described in Section 2.2.1.  The 
KAPA HiFi PCR Kit (KapaBiosystems) was used essentially according to the 
manufacturer’s directions.  A specific primer pair (Rubi2-Fwd: 
ctgcagcctcaagGTACGCTGCTTCTCCTCT, Rubi2-Rvs: gcggccgcaaaagaatCTGC 
AAGAAATAATCACC; capital letters represent iOsUbi2 sequence) was designed to 
introduce PstI and NotI sites (underlined) in the 5’ and 3’ end, respectively, for 
cloning.  The primers possessed synthetic sequences flanking the splice sites (shown 
in lowercase letters) that were engineered into the expression vectors to optimise 
intron splicing.  This was done by testing various flanking sequences at the 5’ and 3’ 
ends of the intron using the NetGene2 intron splice site prediction software [153].  
This software predicts the likelihood of the splice sites being recognised by the 
spliceosome.  The selected flanking sequences that were incorporated in the primers 
gave consistently high scores when a variety of different introns were tested.  
The iOsUbi2 PCR product was A-tailed for pGEM®-T Easy (Promega) 
subcloning as described in Section 2.2.2.  The PCR product was ligated with 50 ng of 
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pGEM®-T Easy (Promega), 1 U T4 DNA ligase and 2X Rapid Ligation buffer 
according to the manufacturer’s specifications before incubation at 16oC for 16 
hours.  The ligation was performed using an insert to vector ratio of approximately 
3:1.  A 3μL volume of the ligation reaction was used to transform 100 μL of 
competent cells of E. coli strain XLI Blue using the heat shock method (Section 
2.2.8).  Transformed cells were selected on LB agar with 0.1 mM IPTG, 40 µM X-
Gal and 100 µg/mL ampicillin for 16 hours in a 37
o
C incubator.  The iOsUbi2 PCR 
product cloned in pGEM®-T Easy was then verified by restriction enzyme digestion 
and sequence analysis as described in Section 2.2.3 and Section 2.2.13, respectively.  
The generated vector (Figure 4-1) was used as the template for outward extending 
PCR to create nine different OsUbi2 intron deletions 
 
 
Figure 4-1 Schematic of the iOsUbi2/pGEM®-T Easy (V43) vector used for deletion PCR. 
 
 
4.2.2 Generating OsUbi2 intron deletion expression vectors 
4.2.2.1 Strategy for generating OsUbi2 intron deletions 
To date no specific sequence has been identified to be exclusively responsible 
for IME.  The IMEter identified motifs that were overrepresented in first introns of 
rice and Arabidopsis that may be important for IME however these motifs had not 
been robustly tested experimentally.  The Plant Cis-acting Regulatory DNA 
Elements (PLACE) database (http://www.dna.affrc.go.jp/PLACE/) identified 34 
different motifs present singly or in multiple copies in 85 different locations along 
pGemT-easy/iOsUbi2.gb
4007 bp
T7 RNA polymerase transcription initiation site
beta-lactamase coding region
pUC/M13 Rev erse
pUC/M13 Forward
synthetic donor splice site enhancing seq
synthetic acceptor splice site enhancing seq
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PstI (66)
PstI (1081)
NotI (44)
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NotI (1070)
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the length of the OsUbi2 intron (Appendix C).  To enable the identification of 
sequences that may be responsible for IME from the OsUbi2 intron, we first made 
large deletions along the length of the intron.     
The sequence verified OsUbi2 intron (Figure 4-2 A) was subdivided into four 
regions (A, B, C and D, shaded blue, green, purple and orange respectively in Figure 
4-2) of equal lengths (225 bp per region) to create the initial deletions.  To optimise 
the chances for correct splicing, seven and 55 bp of intron sequence (highlighted in 
grey) at the 5’ and 3’ end, respectively, were retained in all deletion constructs.  The 
synthetic sequences flanking the splice sites that contain a PstI and NotI site at the 5’ 
and 3’ end of the intron are shown in lower case with the restriction sites underlined.  
The 5’ synthetic flanking sequence includes 40 bp (exon 1) from the 5’ UTR of the 
Zm-Ubi1 promoter [36] just upstream of the PstI cloning site.  These PstI and NotI 
restriction sites were used for cloning the various intron deletions in the final 
expression vector.  The branchpoint adenine residue predicted by NetGene2 [153] is 
shown boxed and is located in all intron deletions for optimum splicing.   
To identify specific sequences within this intron that may be important for 
IME, successive deletions of different 225 bp regions (or part of regions) were made 
along the length of the intron to generate the different iOsUbi2 deletions (Figure 4-2) 
using a PCR based approach described in the ensuing section.  The first five deletion 
variants (iOsUbi2A, iOsUbi2AB, iOsUbi2AD, iOsUbi2CD, and iOsUbi2D; Figure 
4-2 B (i)-(v)) of the full OsUbi2 intron were generated first to investigate the 
transgene enhancement levels from sequences associated with two different halves 
(5’ and 3’ halves) of the intron.   
The last four deletion variants (iOsUbi2BCD, iOsUbi2Ab, iOsUbi2Ad and 
iOsUbi2B; Figure 4-2 B (vi)-(ix)) were subsequently made to further investigate key 
findings (described in the results chapter) obtained from the first set of deletions. 
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 (A) OsUbi2 intron sequence 
       1 ctgcagcctc aagGTACGCT GCTTCTCCTC TCCTCGCTTC GTTTCGATTC 
      51 GATTTCGGAC GGGTGAGGTT GTTTTGTTGC TAGATCCGAT TGGTGGTTAG 
     101 GGTTGTCGAT GTGATTATCG TGAGATGTTT AGGGGTTGTA GATCTGATGG 
     151 TTGTGATTTG GGCACGGTTG GTTCGATAGG TGGAATCGTG GTTAGGTTTT 
     201 GGGATTGGAT GTTGGTTCTG ATGATTGGGG GGAATTTTTA CGGTTAGATG 
     251 AATTGTTGGA TGATTCGATT GGGGAAATCG GTGTAGATCT GTTGGGGAAT 
     301 TGTGGAACTA GTCATGCCTG AGTGATTGGT GCGATTTGTA GCGTGTTCCA 
     351 TCTTGTAGGC CTTGTTGCGA GCATGTTCAG ATCTACTGTT CCGCTCTTGA 
     401 TTGAGTTATT GGTGCCATGG GTTGGTGCAA ACACAGGCTT TAATATGTTA 
     451 TATCTGTTTT GTGTTTGATG TAGATCTGTA GGGTAGTTCT TCTTAGACAT 
     501 GGTTCAATTA TGTAGCTTGT GCGTTTCGAT TTGATTTCAT ATGTTCACAG 
     551 ATTAGATAAT GATGAACTCT TTTAATTAAT TGTCAATGGT AAATAGGAAG 
     601 TCTTGTCGCT ATATCTGTCA TAATGATCTC ATGTTACTAT CTGCCAGTAA 
     651 TTTATGCTAA GAACTATATT AGAATATCAT GTTACAATCT GTAGTAATAT 
     701 CATGTTACAA TCTGTAGTTC ATCTATATAA TCTATTGTGG TAATTTCTTT 
     751 TTACTATCTG TGTGAAGATT ATTGCCACTA GTTCATTCTA CTTATTTCTG 
     801 AAGTTCAGGA TACGTGTGCT GTTACTACCT ATCTGAATAC ATGTGTGATG 
     851 TGCCTGTTAC TATCTTTTTG AATACATGTA TGTTCTGTTG GAATATGTTT 
     901 GCTGTTTGAT CCGTTGTTGT GTCCTTAATC TTGTGCTAGT TCTTACCCTA 
     951 TCTGTTTGGT GATTATTTCT TGCAGattct tttgcggccg c 
 
 (B) Schematics of the OsUbi2 intron deletions 
 
Figure 4-2 Sequence of the OsUbi2 intron with deletion schematics. 
(A) The OsUbi2 intron (962 bp) is shown in uppercase letters; Sequences shown in lowercase are 
synthetic splice site flanking sequences with PstI and NotI sites for cloning (shown underlined) at the 
5’ and 3’ end respectively; Sequence regions in grey were retained in all intron deletions to improve 
the chances of correct intron splicing; The iOsUbi2 was divided into 4 regions namely “A” (blue), “B” 
(green), “C” (purple) and “D” (orange) for the purpose of deletion analysis. (B) Schematics of the 
various iOsUbi2 intron deletions.   
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4.2.2.2 PCR mediated deletions  
To generate the nine intron deletion variants, nine pairs of specific primers 
(Table 4-1) were designed for an outward extending PCR as described by Hansson et 
al. [154].  The forward primer (Primer B, Figure 4-3) was designed as the reverse 
complement of the sequence corresponding to 16–20 bases downstream of the 
plasmid DNA region to be deleted followed by 16–20 bases equal to the upstream 
sequence  [154].  The reverse primer (Primer A, Figure 4-3) was designed in the 
same way but corresponded to the complementary strand; that is, the sequence of 
primer A was identical to the plasmid primary sequence lacking the sought deletion.  
PCRs were performed in a DNA Engine Peltier Thermal Cycler-200 (MJ Research).  
PCRs were performed with 0.5 µL of KAPA HiFi DNA polymerase  (KAPA 
Biosystems), 5 µL of 5X KAPA Buffer,  2 mM of KAPA dNTP mix, 0.2 µM of each 
primer and type I Milli-Q water (Millipore) in a final volume of 25 µL.  All PCRs 
were initially denatured at 95°C for 3 min prior to 30 cycles of 95°C for 30 s, an 
appropriate annealing temperature (60°C) for 30 s and an extension temperature of 
72°C for 1 min per kb of expected product.  A final extension step of 72°C for 5 min 
was included. 
 
Table 4-1 Primers for iOsUbi2 deletions generated via outward extending PCR. 
PCR 
product 
Primer name Sequence (5’-3’) Template 
iOsUbi2-A 
Rubi2A Rvs GGGGGAATTTTTACGGTTGTCCTTAATCTTGTGCTA 
pGEM-T/iOsUbi2 
Rubi2A Fwd ACTAGCACAAGATTAAGGACAACCGTAAAAATTCCCCC 
iOsUbi2-AB 
Rubi2AB Rvs TATCTGTTTTGTGTTTGATGGTCCTTAATCTTGTGCTAGT 
pGEM-T/iOsUbi2 
Rubi2AB Fwd ACTAGCACAAGATTAAGGACCATCAAACACAAAACAGATA 
iOsUbi2-AD 
Rubi2AD Rvs GGGGAATTTTTACGGTTAATATCATGTTACAATCTGTAGTTCATC   
pGEM-T/iOsUbi2 
Rubi2AD Fwd GATGAACTACAGATTGTAACATGATATTAACCGTAAAAATTCCCC 
iOsUbi2-CD 
Rubi2CD Rvs GCAGCCTCAAGGTACGCTTAGATCTGTAGGGTAGTTCT 
pGEM-T/iOsUbi2 
Rubi2CD Fwd AGAACTACCCTACAGATCTAAGCGTACCTTGAGGCTGC 
iOsUbi2-D 
Rubi2D Rvs GCAGCCTCAAGGTACGCTAATATCATGTTACAATCTGTAGTTC 
pGEM-T/iOsUbi2 
Rubi2D Fwd GATGAACTACAGATTGTAACATGATATTAGCGTACCTTGAGGCTGC 
iOsUbi2-BCD 
Rubi2BCD Rvs2 CTGCAGCCTCAAGGTACGCTAGATGAATTGTTGGATG 
pGEM-T/iOsUbi2 
Rubi2BCD Fwd GAATCATCCAACAATTCATCTAGCGTACCTTGAGGCTG 
iOsUbi2-Ab 
Rubi2A-0.5B Rvs TGGGGGGAATTTTTACGGTTGATACGTGTGCTGTTAC 
pGEM-T/iOsUbi2AB 
Rubi2A-0.5B Fwd GTAGTAACAGCACACGTATCAACCGTAAAAATTCCC 
iOsUbi2-Ad 
Rubi2A-0.5D Rvs TTGTAGCGTGTTCCATCTTGTAGTCCTTAATCTTGTGCTAG 
pGEM-T/iOsUbi2AD 
Rubi2A-0.5D Fwd AACTAGCACAAGATTAAGGACTACAAGATGGAACACGCTAC 
iOsUbi2-B 
Rubi2B Rvs CAGCCTCAAGGTACGCTAGATGAATTGTTGGATGATTC 
pGEM-T/iOsUbi2AB 
Rubi2B Fwd CATCCAACAATTCATCTAGCGTACCTTGAGGCTGCAG 
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Figure 4-3 Schematic description of the outward extending PCR-mediated plasmid DNA 
deletion method. 
The complementary features of the A and B primers and the plasmid are indicated by gray and striped 
segments. The steps resulting in the final construct are indicated by arrows  
Source: Hansson et al., 2008 [154] 
 
The PCRs were followed by DpnI digestions to degrade unwanted template 
DNA prior to transformation.  This digest was crucial as the DpnI restriction enzyme 
only cleaves at methylated sites which are abundant on the template plasmid but 
deficient on the PCR plasmid products.  A 17 µL sample of each of the nine PCR 
products for each intron deletion was digested with 10 U of DpnI with 2 µL of 10X 
digestion buffer in a 20 µL reaction.  The digestions were performed at 37
o
C for at 
least 16 hours.  After digestion, 3 µL of the mixture was used to transform 100 µL of 
competent E. coli XLI Blue cells.  Transformed cells were selected on LB agar with 
0.1 mM IPTG, 40 µM X-Gal and 100 µg/mL ampicillin for 16 hours in a 37
o
C 
incubator.  The nine OsUbi2 intron deletion PCR products were then verified by 
restriction enzyme digestion and sequence analysis (using pUC/M13 Forward and 
pUC/M13 Reverse primers) as described in Section 2.2.3 and Section 2.2.13, 
respectively.   
Chapter 4: Detailed Characterisation of IME from the Rice Polyubiquitin-2 Intron in Sugar Cane 
68 
 
4.2.2.3 Construction of pSHDIR16 vectors 
To introduce the synthetic flanking sequences (Figure 4-4 A) into the 
expression vector, the following sequence was synthesised (Geneart, Life 
Technologies): a BglII restriction site, the 5’ UTR exon 1 of the Zm-Ubi1 promoter, a 
PstI restriction site followed with 5’ synthetic flanking sequence together with a 607 
bp maize intron (iZm067385) and the 3’ synthetic flanking sequence ending with a 
NotI site.  This synthesised sequence was cloned into the backbone vector pZMUBI1-
intron-less (V15) described in Section 3.2.3 (Table 3-3) using BglII and NotI to 
generate the construct pZMUBI1-iZm067385 (V50).  The ZMUBI1 promoter was 
next removed with HindIII and BglII restriction digests and replaced with the 
SHDIR16 promoter cut with HindIII and BamHI (BglII and BamHI being compatible 
enzymes) to generate the pSHDIR16-iZm067385 (V57) construct.  Prior to the 
cloning of the SHDIR16 promoter, a PstI site located at nucleotide position 2545 was 
removed by altering the cytosine base to guanine via point mutagenesis using the 
protocol for the outward extending PCR described in Section 4.2.2.2.  To prepare the 
expression vector backbone for intron deletion cloning, the maize intron 
(iZm067385) was removed with a PstI and NotI restriction digest.   
The engineered flanking sequences were utilised because they gave good 
splicing predictions (using NetGene2 splicing prediction software) for the different 
intron deletions (Figure 4-4 B).  The splice site signal predicted to be the strongest 
was given a score of 1.  Ensuring the correct splicing of introns from the expression 
vector will allow all mature RNA transcripts from all expression constructs to be 
identical.   
All OsUbi2 intron deletions, as well as the full OsUbi2 intron were excised 
from the pGEM®-T Easy vector backbone by restriction digestion with PstI and NotI 
prior to cloning into the expression vector opened with the same restriction enzymes 
to generate expression constructs (ii) to (xi) in Figure 4-4 B.  To generate the intron-
less control, the opened backbone vector was blunt-ended (Section 2.2.5) and 
subsequently self-ligated.  A 3μL sample of the ligation reactions was used to 
transform 100 μL of competent cells of E. coli strain XLI Blue using the heat shock 
method (Section 2.2.8).  Transformed cells were selected on LB agar containing 100 
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µg/mL ampicillin for 16 hours in a 37
o
C incubator.  The insert borders were 
subsequently sequence verified as described in Section 2.2.13. 
The control construct pSHDIR16-iZmUbi1 (V129) used for the promoter-like 
activity investigation was constructed and sequence verified by Mr Alex Bulig 
(Honours student) under the ARC Linkage project (A. Bulig, pers. comm.). 
 
 (A) Schematic of expression vector 
 
 
(B) Expression vectors with intron splicing predictions 
 
 Vector 
ID 
Expression  
Constructs 
Size 
(bp) 
NetGene2 splicing prediction 
scores 
Donor Acceptor 
-ve V58 pSHDIR16-intron-less 7660 - - 
+ve V71 pSHDIR16-iOsUbi2 8644 0.93 1 
(i) V66 pSHDIR16-iOsUbi2A 7969 0.93 1 
(ii) V68 pSHDIR16-iOsUbi2AB 8194 0.93 1 
(iii) V69 pSHDIR16-iOsUbi2AD 8194 0.93 1 
(iv) V70 pSHDIR16-iOsUbi2CD 8194 1 1 
(v) V67 pSHDIR16-iOsUbi2D 7969 1 1 
(vi) V94 pSHDIR16-iOsUbi2BCD 8419 0.92 1 
(vii) V98 pSHDIR16-iOsUbi2Ab 8081 0.93 1 
(viii) V96 pSHDIR16-iOsUbi2Ad 8081 0.93 1 
(ix) V114 pSHDIR16-iOsUbi2B 7969 0.93 1 
 
 
Figure 4-4 Schematic of the expression vectors for OsUbi2 intron deletion analysis with intron 
splicing predictions.  
(A) The expression vector showing synthetic splice site flanking sequences, the PstI (5’ end) and NotI 
(3’ end) sites underlined, and showing the position for intron cloning. pSHDIR16, Sugar cane dirigent 
promoter; scoGUS, sugar cane optimised β-glucuronidase reporter gene; tNos, Nopaline synthase 
terminator. (B) OsUbi2 intron deletions with NetGene2 splicing predictions 
 
4.2.3 Construction of pZMPEPC vectors 
Selected OsUbi2 intron deletions were cloned into an expression vector driven 
by the maize phosphoenolpyruvate carboxylase (Zm-PepC) promoter without its 
native intron (pZMPEPC).  Using the pZMUBI1-iZm067385 vector described in 
Section 4.2.2.3, the ZMUBI1 promoter was removed and replaced with ZMPEPC 
promoter using the HindIII and BglII restriction sites.  Subsequently the iZm067385 
was removed using the PstI and NotI restriction sites and replaced either with; 1) full 
iOsUbi2, 2) iOsUbi2A, 3) iOsUbi2AB or 4) iOsUbi2D.  To generate the intron-less 
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control, the pZMPEPC driven expression vector digested with PstI and NotI was 
blunt ended (Section 2.2.5) and religated.  A 3 μL sample of the ligation reaction was 
used to transform 100 μL of competent cells of E. coli strain XLI Blue using the heat 
shock method (Section 2.2.8).  Transformed cells were selected on LB agar 
containing 100 µg/mL ampicillin for 16 hours in a 37
o
C incubator.  The insert 
borders were subsequently sequence verified as described in Section 2.2.13. 
4.2.4 Generating promoter-less constructs 
To generate the promoter-less constructs X-scoGUS (V120) and X-iOsUbi2-
scoGUS (V128), the SHDIR16 promoter of the expression vector pSHDIR16-
iOsUbi2-scoGUS (V71) (Figure 4-4 B) was removed by digests using the HindIII-
NotI or HindIII-PstI restriction sites, respectively, prior to blunt ending as described 
in Section 2.2.5.  To generate the promoter-less constructs X-iOsUbi2A-scoGUS 
(V122), X-iOsUbi2AB-scoGUS (V123) and X-iOsUbi2D-scoGUS (V124), the 
SHDIR16 promoter of the expression vectors pSHDIR16-iOsUbi2A-scoGUS (V66), 
pSHDIR16-iOsUbi2AB-scoGUS (V68) and pSHDIR16-iOsUbi2D-scoGUS (V67) 
(Figure 4-4) were removed by digests using the HindIII-PstI restriction sites prior to 
blunt ending.  The promoter-less construct X-iZmUbi1-scoGUS (V146-AB) 
(constructed and sequence verified by Mr Alex Bulig, ARC Linkage project, honour 
student) was also used as an additional control (A. Bulig, pers. comm.). 
4.2.5 Generating linearised promoter-less constructs 
The promoter-less construct X-iOsUbi2-scoGUS (V28) was linearised to 
investigate the promoter-like activity of the iOsUbi2 intron (Figure 4-14).  The 
pSHDIR16-iOsUbi2-scoGUS (V71) construct and the promoter-less X- scoGUS 
(V20) construct were also linearised for use as positive and negative controls, 
respectively.  Minipreps (using Wizard® Plus minipreps DNA purification system) 
for each of the pSHDIR16-iOsUbi2-scoGUS (V71), X-scoGUS (V20) and X-
iOsUbi2-scoGUS (V28) plasmids were first prepared, pooled and concentrated via 
SpeedVac® to obtain single preps with concentrations of ≥ 2 µg/μL.  A 10 μg 
amount of each plasmid was then digested in 5 x 20 μL digest reactions, each using 2 
μg of plasmid DNA. 
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All three plasmids were digested with KpnI to displace the pBluescript (pBS) 
vector sequence to the 3’ end of the linear DNA molecule (Figure 4-14 (1), (2) and 
(4)).  This will allow assessment of expression with the OsUbi2 intron acting as a 
promoter.  The two promoter-less constructs (X-scoGUS (V120) and X-iOsUbi2-
scoGUS (V128)) were also digested with SacI to displace the pBluescript vector 
sequence to the 5’ end of the linear DNA molecule (Figure 4-14 (3) and (6)).  These 
two linear constructs were used to assess the influence of vector sequence upstream 
of the intron on reporter gene expression.  The promoter-less X-iOsUbi2-scoGUS 
(V128) was also digested with PvuI to displace the forward orientated T7 
bacteriophage RNA polymerase promoter to assess its effect on expression (Figure 
4-14 (5)). 
All digests were separated by gel electrophoresis and the correct DNA 
fragments were extracted and purified using the High Pure PCR Purification Kit 
(Roche) according to the manufacturer’s directions with the exception that the final 
DNA was eluted with type I Milli-Q water (Millipore) instead of the recommended 
buffer.  The purified linearised DNA preps were finally concentrated to 0.5 µg/μL 
using the SpeedVac®, and 1 μg of each plasmid was used for microprojectile 
bombardment in the transient assay. 
4.2.6 GUS expression analysis 
To assess the enhancing activity of the intron candidates, a transient assay 
involving microprojectile bombardment (Section 2.5.2.2) of the expression 
constructs into young sugar cane leaf (Section 2.5.1.2) was performed.  After 48 
hours post-bombardment, gene expression was analysed using a semi-quantitative 
histological assay and a quantitative fluorimetric MUG assay (Section 2.6).   
4.2.7 Splicing assay 
A splicing assay was used to determine splicing efficiency for the IME 
expression constructs.  Three samples of young sugar cane leaves (see Section 
2.5.1.2) were microprojectile bombarded with each expression construct prior to 
incubation at 27
o
C for 48 h under a 16 h daylength regime (Section 2.5.2.2).  After 
48 hours of incubation two of the replicates (samples of young leaf) were cut into 
small pieces, transferred to 2 mL microcentrifuge tubes and snap frozen with liquid 
nitrogen.  The other replicate was analysed using histochemical staining to check the 
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success of the microprojectile bombardment (Section 2.6.1).  Total RNA was 
extracted from frozen samples using TRIzol® Reagent (Section 2.3.3) and cDNA 
was synthesised with reverse transcriptase (Section 2.3.4).  Specific primers were 
used to amplify the cDNA region that directly follows the SHDIR16 promoter 
(AP251012-1F (ZMUBI1 5’ UTR): GATCTCCCCCAAATCCACCC), and the 290th 
bp at the 5’ end of the scoGUS gene (AP251012-2R (scoGUS):  
ACCTTGCCGTAGTGGGTCAC).  All individual introns were located within the 
amplified region and gel electrophoresis was used to assess intron splicing (based on 
amplicon size).  
 RESULTS 4.3
4.3.1 Detailed characterisation of the rice polyubiquitin-2 intron to identify 
regions or sequences that may be responsible for IME 
The rice polyubiquitin-2 intron (iOsUbi2) was one of the best enhancing 
introns evaluated in sugar cane in this study (Chapter 3:).  Therefore, we undertook a 
series of experiments to identify specific sequences within this intron that may be 
important for IME.  To do this, an initial set of five specific deletions (iOsUbi2A, 
iOsUbi2AB, iOsUbi2AD, iOsUbi2CD and iOsUbi2D) along the length of the 
OsUbi2 intron were generated and cloned into the pSHDIR16 intron-screening 
vector.  These intron deletion constructs were subsequently characterised for their 
enhancing activity using the transient sugar cane leaf assay. 
A range of enhancing activities was revealed for the first five OsUbi2 intron 
deletions (Figure 4-5 A).  The inclusion of the OsUbi2 intron and any of these intron 
deletions significantly boosted expression from the SHDIR16 promoter from 3- to 
10-fold compared to the intron-less control (Figure 4-5 A).  Large regions of 
iOsUbi2 could be removed without substantially reducing the enhancing activity of 
this intron.  The OsUbi2AB and OsUbi2AD introns which had approximately 50% of 
the full intron sequence deleted (Figure 4-2), possessed full enhancing activity 
(Figure 4-5 A).  In addition, the OsUbi2A intron with 70% of the intron sequence 
deleted retained over 80% of the enhancing activity of the full intron (Figure 4-5 A).   
Characterisation of the different intron deletion constructs suggests that 
sequences involved in IME may be most prevalent in the 5’ end of the intron.  The 
iOsUbi2A, which retained just 30% of the full intron sequence from the 5’ end, gave 
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significantly higher levels of enhancement compared to a similar sized sequence 
from the 3’ end (iOsUbi2D) (Figure 4-5 A).  In addition, the two other intron 
deletions (iOsUbi2AB and iOsUbi2AD) with enhancing activity similar to the full 
intron both possessed sequence from the “A” region of the 5’ end of iOsUbi2 (Figure 
4-5 A).   
To further our investigation of the importance of the “A” region of the intron 
for IME, a second set of intron deletions (iOsUbi2BCD, iOsUbi2B, iOsUbi2Ab and 
iOsUbi2Ad) were constructed to clarify results from the first five deletions.  
Significantly lower levels of expression were observed with iOsUbi2B and 
iOsUbi2D compared to iOsUb2AB and iOsUbi2AD (Figure 4-5 B), respectively, 
indicating that sequence in the “A” region of the 5’ end of iOsUbi2 was important for 
IME.  When the “A” region of iOsUbi2 was deleted, expression from the resultant 
iOsUbi2BCD did not differ significantly from the full intron (Figure 4-5 B) 
suggesting that enhancing sequences within iOsUbi2 were likely redundant and 
dispersed.  Expression from the iOsUbi2BCD was significantly higher compared to 
the levels of expression from deletions iOsUb2B, and iOsUbi2D.  Due to 
significantly lower levels of expression from iOsUbi2CD and iOsUbi2D compared to 
the full intron from the first set of intron deletions, no intron deletions within “C” 
region only was further investigated.  However when region “C” was included with 
region “D” (iOsUbi2CD from the first set of intron deletions) expression was 
significantly higher than both iOsUbi2B and iOsUbi2D alone but not enough to 
increase expression levels to that of the full intron.  When the “B” region (low 
expressing deletion on its own) was added to iOsUbi2CD, expression increased to 
levels comparable to the full intron.  Taken together, these results suggest an additive 
effect of IME signals on expression levels.   
The observation that iOsUbi2AB and iOsUbi2AD possessed full enhancing 
activity led to further investigation of whether or not there were regions of “B” and 
“D” that were important for enhancing activity.  Interestingly, expression from the 
iOsUbi2Ab (region “A” with 5’ half of region B) and iOsUbi2Ad (region A with 3’ 
half of region D) constructs was significantly lower than the expression levels from 
iOsUbi2AB and iOsUbi2AD (Figure 4-5 B), suggesting an important role for these 
113 bp sequences in IME from iOsUbi2.   
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Based on this data, several main conclusions can be made; 1) substantial 
deletions can be made to the OsUbi2 intron without affecting the enhancing activity 
of this intron, 2) sequences within the OsUbi2 intron that function in IME are likely 
redundant and dispersed, 3) the enhancing sequences may be more prevalent in the 5’ 
end.  
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Figure 4-5 Transient GUS expression from OsUbi2 intron deletion constructs.   
(A) Relative GUS activity of the first five iOsUbi2 deletions. (B) Relative GUS activity of all intron 
deletions including the second set of intron deletions shaded blue. Expression was determined using 
the fluorimetric MUG assay.  Shown are the mean ±SEM, with n values indicating the number of 
independent biological samples analysed for each construct.  Expression is relative to the positive 
control containing the full intron. Fold increases are expressed relative to the no intron control. Data 
with different letters are significantly different (P<0.05, Student’s t-test). 
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4.3.2 Semi quantitative splicing assay to check splicing of iOsUbi2 deletions   
Efficient splicing has been reported to be required for full IME activity in 
monocots.  Therefore, it was important to investigate whether specific deletions may 
be reducing levels of IME by affecting splicing rather than by removing sequences 
that are important for enhancing gene expression.  To confirm that at least some 
proportion of mRNA splicing was occurring, a splicing assay was conducted on leaf 
samples that were transiently expressing the different intron deletion constructs.  The 
success of the microprojectile bombardment of young sugar cane leaf used for the 
splicing assay was first assessed by histochemical staining at 48 hours post-
bombardment.  The presence of blue foci in all of the leaf samples transiently 
transformed with the intron-containing constructs indicated that the constructs were 
successfully expressed (Figure 4-6 A).  RT-PCR analysis of cDNA synthesised from 
total RNA extracted from these transiently transformed sugar cane leaves detected 
one major product of the size expected for a properly spliced transcript (Figure 4-6 
B).  No other product was observed for any of the intron-containing constructs, 
which suggests that little or no incorrect splicing was occurring.  Neither the 
untransformed wild type nor water alone control (negative controls) had any 
detectable products (Figure 4-6 B), indicating that amplicons were from the intron-
containing constructs introduced into the leaf samples.  These data suggested that the 
iOsUbi2 and its nine deletions were all being efficiently spliced from their respective 
pre-mRNA transcripts.  However, the semi-quantitative nature of this method 
warrants further investigation to better understand the precise splicing efficiency of 
each transcript.  
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Figure 4-6 Splicing assay for the iOsUbi2 intron deletion constructs. 
 (A). Histochemical staining of young sugar cane leaf transiently transformed via microprojectile 
bombardment with iOsUbi2 and the various intron deletions driven by the SHDIR16 promoter.  Leaf 
samples were stained with X-Gluc at 48 hours post-bombardment.  Blue foci were visible in all the 
intron containing constructs indicating the presence of the GUS protein. (B). Electrophoresis of RT-
PCR products on a 1.5% agarose gel. The expected size for a correctly spliced product is 360 bp.  
SHDIR16-iOsUbi2 plasmid (lane 13) was used as a positive PCR control, while the negative controls 
consisted of wild type, untransformed leaf (WT) in lane 1 and water (-ve) in lane 14. X, DNA 
molecular marker. RNA used for cDNA synthesis was extracted 48 hours post-bombardment and all 
spliced products were excised for sequencing. Lane allocations, 1) Wild type, 2) pSHDIR16-(no 
intron), 3) pSHDIR16-iOsUbi2, 4) pSHDIR16-iOsUbi2A, 5) pSHDIR16-iOsUbi2AB, 6) pSHDIR16-
iOsUbi2AD, 7) SHDIR16-iOsUbi2CD, 8) pSHDIR16-iOsUbi2D, 9) pSHDIR16-iOsUbi2BCD, 10) 
pSHDIR16-iOsUbi2Ab, 11) pSHDIR16-iOsUbi2Ad, 12) pSHDIR16-iOsUbi2B, 13) pSHDIR16-
iOsUbi2 plasmid (+ve), 14) water control (-ve) 
 
4.3.3 IME from iOsUbi2 deletions is not limited to a single promoter 
To determine if the IME data obtained using the SHDIR16 promoter could be 
replicated using an alternative promoter, selected OsUbi2 intron deletions were also 
tested with the leaf-preferred ZMPEPC promoter.  The intron deletions selected for 
this investigation cover a range of expressions, from high (iOsUbi2A and 
iOsUbi2AB) to low (iOsUbi2D).  
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The relative levels of IME displayed by the selected iOsUbi2 deletion 
constructs driven by the ZMPEPC promoter were comparable to those obtained using 
the SHDIR16 promoter (Figure 4-7 A and B).  However, absolute GUS expression 
levels were higher with the leaf-preferred ZMPEPC promoter compared to the 
SHDIR16 promoter (Figure 4-7 C and D).  The iOsUbi2D displayed the lowest 
levels of IME with both promoters, with the levels of enhancement being 
significantly lower than those achieved with iOsUbi2A and iOsUbi2AB (Figure 4-7 
A and B).  The levels of IME displayed by the selected introns in combination with 
the ZMPEPC promoter showed a strong correlation (r2 = 0.9727) with the relative 
levels of enhancement achieved using pSHDIR16 (Figure 4-8).  These data suggest 
that the levels of IME displayed by the different intron deletions in combination with 
pSHDIR16 may be applicable to other promoters.   
Levels of IME with weaker promoters have been reported to be higher 
compared to strong promoters [6, 9, 65].  Interestingly, levels of IME from the 
OsUbi2 intron deletions with the relatively strong ZMPEPC promoter were higher 
than from the weak SHDIR16 promoter (Figure 4-7 A and B).  The iOsUbi2 
enhanced the levels of GUS activity 12-fold from the ZMPEPC promoter compared 
to 4-fold from the SHDIR16 promoter (Figure 4-7).  This suggests that the presence 
of an enhancing intron is vital for strong promoter activity from the ZMPEPC 
promoter.  
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Figure 4-7 Transient GUS expression in sugar cane leaf from the OsUbi2 intron deletion 
constructs driven by the SHDIR16 and ZMPEPC promoters.   
A and C; Relative and absolute GUS activity respectively from OsUbi2 intron deletions with the 
SHDIR16 promoter.  B and D; Relative and absolute GUS activity respectively from OsUbi2 intron 
deletions with the ZMPEPC promoter.  Expression was determined using the fluorimetric MUG assay.  
Shown are the mean ±SEM, with n values indicating the number of independent biological samples 
analysed for each construct.  Values are expressed relative to the positive control containing the full 
intron. Fold increases are expressed relative to the no intron control. Data with different letters are 
significantly different (P<0.05, Student’s t-test). 
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Figure 4-8 Scatter plot showing the correlation between GUS activity from the iOsUbi2 intron 
deletions with pSHDIR16 and pZMPEPC 
The relative expression values are expressed relative to the full iOsUbi2 intron constructs which were 
arbitrarily given values of 1. 
 
4.3.4 Identification of sequence motifs potentially associated with IME 
To identify specific sequence motifs within the OsUbi2 intron that may be 
responsible for its enhancing ability, an in silico analysis of the full OsUbi2 intron 
was carried out using the Plant Cis-acting Regulatory DNA Elements (PLACE) 
database (http://www.dna.affrc.go.jp/PLACE/).  The PLACE database is a collection 
of nucleotide sequence motifs found in plant cis-acting regulatory DNA elements 
[155].  Based on the results obtained from the deletion analyses, motifs associated 
with IME may be abundant and dispersed but most prevalent towards the 5’ end of 
the intron.  The in silico analysis (Figure 4-9) identified several sequence motifs that 
were abundant throughout the full OsUbi2 intron.  The sequence motif NGATT (N = 
G/A/C/T) [156, 157] was the most abundant motif with 17 sites identified, which was 
twice as many compared to the next most abundant sequence motif.  This motif 
represents a binding element for the response regulator ARR1 in Arabidopsis that 
can activate or repress transcription [156, 157].  Homologues of ARR1 have been 
identified in sugar cane where they are potentially involved in signal transduction 
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pathways [158].  The ARR1 binding sites were found to be widely dispersed 
throughout the OsUbi2 intron, but were most abundant in the 5’ end of the intron, 
particularly in region “A” with seven sites (Figure 4-9, yellow highlights).   
The full OsUbi2 intron sequence was also examined for the presence of motifs 
suggested by Rose et al. [96] (IMEterV1) to be most common in high IMEterV1 
scoring rice introns.  This motif (TMGWTB; M = C/A, W = A/T, B = C/G/T) was 
present at 15 locations within the OsUbi2 intron (Figure 4-9; indicated with a red 
inverted triangle).  The distribution of these sites was also dispersed throughout the 
intron, but most abundant in the 5’ end where six sites were found in region “A”.  
Interestingly, seven of these IMEterV1 motifs were present at the same location, or 
adjacent, to eight ARR1 sites (Figure 4-9; solid circles).  Furthermore, sequences at 
the locations of three other ARR1 sites (Figure 4-9; perforated circles) were 80% 
identical to sequence from the rice IMEterV1 motif. 
Several other sequence motifs were also found to be common within the “A” 
region of the intron (the region which possessed strong enhancing activity).  These 
motifs include GTGA, a sequence found in tobacco g10 and tomato lat56 promoters 
known to be involved in modulating late pollen genes [159], and the CNGTTR (N = 
G/A/C/T, R = A/G) motif which is a recognition site for MYB proteins [160] [161].  
However, these motifs are also abundant in the “D” region of the intron that appears 
to play a less important role in IME.   
Given that the ARR1 motif and 80% of IMEter motifs share the same 
consensus sequence, we investigated the relationship between IME activities of 
OsUbi2 intron deletions (data from Figure 4-5) with their respective IMEter scores.  
The results did not reveal a correlation (r
2
 = 0.2018) (Figure 4-10) between IMEter 
scores of the OsUbi2 intron deletions and their IME activity.  However, there was a 
moderate correlation (r
2 
= 0.3731) observed between IMEter activity and the number 
of ARR1 motifs present in each OsUbi2 intron deletion (Figure 4-10). 
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1 GTACGCT 
                GCT TCTCCTCTCC TCGCTTCGTT TCGATTCGAT TTCGGACGGG TGAGGTTGTT 
 
      61 TTGTTGCTAG ATCCGATTGG TGGTTAGGGT TGTCGATGTG ATTATCGTGA GATGTTTAGG 
 
     121 GGTTGTAGAT CTGATGGTTG TGATTTGGGC ACGGTTGGTT CGATAGGTGG AATCGTGGTT 
 
     181 AGGTTTTGGG ATTGGATGTT GGTTCTGATG ATTGGGGGGA ATTTTTACGG TT 
 
                                                                  AGATGAAT 
 
     241 TGTTGGATGA TTCGATTGGG GAAATCGGTG TAGATCTGTT GGGGAATTGT GGAACTAGTC 
 
     301 ATGCCTGAGT GATTGGTGCG ATTTGTAGCG TGTTCCATCT TGTAGGCCTT GTTGCGAGCA 
 
     361 TGTTCAGATC TACTGTTCCG CTCTTGATTG AGTTATTGGT GCCATGGGTT GGTGCAAACA 
 
     421 CAGGCTTTAA TATGTTATAT CTGTTTTGTG TTTGATG 
 
                                                 TAG ATCTGTAGGG TAGTTCTTCT 
 
     481 TAGACATGGT TCAATTATGT AGCTTGTGCG TTTCGATTTG ATTTCATATG TTCACAGATT 
 
     541 AGATAATGAT GAACTCTTTT AATTAATTGT CAATGGTAAA TAGGAAGTCT TGTCGCTATA 
 
     601 TCTGTCATAA TGATCTCATG TTACTATCTG CCAGTAATTT ATGCTAAGAA CTATATTAGA 
 
     661 ATATCATGTT ACAATCTGTA GT 
 
                                 AATATCAT GTTACAATCT GTAGTTCATC TATATAATCT 
 
     721 ATTGTGGTAA TTTCTTTTTA CTATCTGTGT GAAGATTATT GCCACTAGTT CATTCTACTT 
 
     781 ATTTCTGAAG TTCAGGATAC GTGTGCTGTT ACTACCTATC TGAATACATG TGTGATGTGC 
 
     841 CTGTTACTAT CTTTTTGAAT ACATGTATGT TCTGTTGGAA TATGTTTGCT GTTTGATCCG 
 
     901 TTGTTGT 
 
                GTC CTTAATCTTG TGCTAGTTCT TACCCTATCT GTTTGGTGAT TATTTCTTGC 
 
     961 AG 
 
 
NGATT = most common motif found in the iOsUbi2 intron using PLACE  
(http://www.dna.affrc.go.jp/PLACE/) 
 
CGATT = pentamer sequence important for IME signal (IMEterV2; Parra et al., 2011) 
 
= TMGWTB, most common motif found in IMEterV1 high scoring rice introns   
(Rose et al., 2008)             
 
= highlights NGATT PLACE software motifs overlapping or adjacent to IMEterV1 
rice motifs 
 
= highlights NGATT motifs that are over 80% identical to the rice IMEterV1 
motif 
Figure 4-9 Sequence of iOsUbi2 with specific motifs and cis-acting elements highlighted. 
Sequence of the rice polyubiquitin-2 intron (iOsUbi2) divided into the four regions used for deletion 
analysis.  The location of specific motifs is shown.  The 7 and 55 nucleotides present at the 5’ and 3’ 
ends of the introns were retained in all deletions to help improve splicing.  The sequence shown in 
italics in Regions “B” (345-457 bp) and “D” (683-795 bp) were deleted in introns iOsUbi2Ab and 
iOsUbi2Ad respectively.  
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Figure 4-10 Scatter plot showing the correlation between IME activity of the OsUbi2 intron 
deletions with their IMEter scores and numbers of ARR1 motifs. 
(A) IMEter scores were generated using IMEter version 2.1.  (B) ARR1 motifs were identified using 
PLACE web-based software (refer to Figure 4-9).  The relative expression values are expressed 
relative to the positive control construct containing the rice polyubiquitin-2 intron (iOsUbi2), which 
was arbitrarily given a value of 1.   
 
4.3.5 Characterisation of the promoter-like activity of the enhancing introns 
Several enhancing introns have been shown to drive gene expression in the 
absence of a promoter [67, 120, 131, 142].  Many of the introns with promoter-like 
activity have been shown to also facilitate IME [67, 120, 131].  To determine if 
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less expression construct X-iOsUbi2-scoGUS was assessed in young sugar cane 
leaves by using the fluorimetric MUG assay.  
The OsUbi2 intron was capable of driving GUS expression in the absence of a 
promoter (Figure 4-11).  GUS expression from the X-OsUbi2-scoGUS was 7-fold 
higher than the negative control-construct X-scoGUS, and 3-fold higher than that 
from the dirigent promoter alone (pSHDIR16-scoGUS) (Figure 4-11).  However, the 
level of GUS activity from the promoter-less iOsUbi2 was significantly lower than 
the level of expression obtained when this intron was combined with the SHDIR16 
promoter (Figure 4-11).  These data suggest that the OsUbi2 intron possesses 
promoter-like activity in the absence of a conventional promoter sequence.  The 
ZmUbi1 intron in the X-iZmUbi1-scoGUS construct was also shown to possess 
promoter-like activity (Figure 4-11).  Similar to the iOsUbi2, expression was 
significantly higher when iZmUbi1 was combined with the SHDIR16 promoter 
(Figure 4-11).  These results suggest that both the OsUbi2 and ZmUbi1 introns 
possess sequence elements that enable them to drive gene expression in the absence 
of a promoter.  However, iOsUbi2 had significantly stronger promoter-like activity 
compared to iZmUbi1 (Figure 4-11). 
The significantly higher level of GUS expression from the promoter-
less/intron-less X-scoGUS construct relative to the wild type control suggests that the 
vector backbone could also have promoter activity that contributes to total GUS 
activity levels in all expression constructs (Figure 4-11). 
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Figure 4-11 Absolute GUS expression from iOsUbi2and iZmUbi1, with and without the 
pSHDIR15. 
GUS expression was measured using the fluorimetric MUG assay at 48 h post-bombardment of young 
sugar cane leaves.  Shown is the mean ±SEM (n=3; biological samples).  Data with different letters 
are significantly different (P<0.05, Student’s t-test). WT, wild type; pSHDIR16, sugar cane dirigent 
promoter; iOsUbi2, rice polyubiquitin-2 full intron; iZmUbi1, maize polyubiquitin-1 intron. 
 
4.3.6 Characterisation of the promoter-like activity of OsUbi2 intron deletions 
The observation that iOsUbi2 was capable of functioning as a promoter led us 
to investigate whether specific regions of the intron may be responsible for this 
promoter-like activity.  To do this, gene expression was assessed for promoter-less 
constructs that consisted of the full iOsUbi2 intron, two of the best enhancing 
iOsUbi2 intron deletions (iOsUbi2A and iOsUbi2AB), and one of the low enhancing 
iOsUbi2 intron deletions (iOsUbi2D).  These constructs were selected to represent a 
wide range of expression levels.  These promoter-less constructs were introduced 
into young sugar cane leaf via microprojectile bombardment and analysed for 
transient GUS activity using the fluorimetric MUG assay.  
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The full iOsUbi2, iOsUbi2A and iOsUbi2AB were all found to possess 
promoter-like activity (Figure 4-12 A).  The 6-fold enhancement from the promoter-
less iOsUbi2AB construct differed significantly from the 4-fold enhancement from 
both the promoter-less iOsUbi2 (full) and iOsUbi2A constructs.  The promoter-less 
iOsUbi2D construct did not show any significant promoter-like activity (Figure 4-12 
A). 
We next examined whether there was any correlation between the promoter-
like activity of the different intron deletions (Figure 4-12 A) and their ability to elicit 
IME when combined with the SHDIR16 promoter (Figure 4-12 B).  The promoter-
like activities exhibited by the various introns were closely correlated with their IME 
activities (r
2
 = 0.924) as demonstrated in Figure 4-13. 
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Figure 4-12 Transient GUS expression in sugar cane leaf from OsUbi2 intron deletion constructs 
with and without the presence of the SHDIR16 promoters. 
A. Relative GUS expression from promoter-less constructs. B. Relative GUS expression from 
pSHDIR16-intron constructs.  Expression was determined using the fluorimetric MUG assay.  Shown 
are the mean ±SEM, with n values indicating the number of independent biological samples analysed 
for each construct.  Values are expressed relative to the positive control containing the full intron.  
Fold increases are expressed relative to the no intron negative control.  Data with different letters are 
significantly different (P<0.05, Student’s t-test). 
 
ɑ 
1 fold 
n=3 
β 
1 fold 
n=3 
γ 
4 fold 
n=3 
γ 
4 fold 
n=3 
δ 
6 fold 
n=3 
β 
1 fold 
n=3 
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
4
M
U
 (
n
m
o
le
s/
m
in
/m
g
 s
o
lu
b
le
 p
ro
te
in
) 
A. 
ɑ 
0 fold 
n=14 
β 
1 fold 
n=16 
δε 
9 fold 
n=10 
δ 
8 fold 
n=10 
ε 
10 fold 
n=9 
γ 
1 fold 
n=7 
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
4
M
U
 (
n
m
o
le
s/
m
in
/m
g
 s
o
lu
b
le
 p
r
o
te
in
) 
B. 
Chapter 4: Detailed Characterisation of IME from the Rice Polyubiquitin-2 Intron in Sugar Cane 
88 
 
 
 
Figure 4-13 Scatter plot showing the correlation between GUS activity from the iOsUbi2 intron 
deletions with and without the SHDIR16 promoter. 
 
The data presented above suggests that iOsUbi2 is capable of driving gene 
expression in the absence of a promoter.  However, we cannot discount the 
possibility that expression from the “promoter-less” constructs is being driven by a 
sequence present in the pBluescript (pBS) vector backbone upstream of the iOsUbi2.  
To study whether the accumulation of GUS from promoter-less constructs was due to 
the intron acting as a promoter or to an alternative promoter sequence present in the 
pBS vector backbone, transient GUS accumulation was examined for several 
linearised constructs.  These constructs were generated by strategically cutting the 
highly expressed promoter-less full iOsUb2 construct (X-iOsUbi2) at the following 
locations; 1) immediately before the iOsUbi2 intron using KpnI (KpnI/iOsUbi2-
scoGUS-pBS), thereby removing the vector sequence upstream of iOsUbi2, 2) 
immediately after the nos terminator using SacI (SacI/pBS-iOsUbi2-scoGUS) placing 
the vector sequence upstream of the intron, and 3) immediately before the T7 
promoter in the pBS vector using PvuI (PvuI/pT7-iOsUbi2-scoGUS-pBS) placing the 
T7 promoter upstream of the intron with the remainder of the pBS sequence 
downstream of the scoGUS gene  (Figure 4-14).  The three linearised constructs 
were introduced into young sugar cane leaf via microprojectile bombardment before 
transient GUS activity analysis using the MUG assay.  Two negative controls lacking 
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the iOsUbi2 were also made by making similar cuts to the promoter-less plasmid (X-
scoGUS) with KpnI or SacI generating KpnI/scoGUS-pBS and SacI/pBS-scoGUS.  
The pSHDIR16-iOsUbi2 was used as the positive control by linearising at the KpnI 
site located immediately upstream of the SHDIR16 promoter generating 
KpnI/pSHDIR16-iOsUbi2-scoGUS-pBS (Figure 4-14). 
 
 
Figure 4-14 Schematics of linearised plasmid DNA used for assessment of promoter-like activity 
of the iOsUbi2. 
(1) The pSHDIR16-iOsUbi2 digested with KpnI; (2) & (3) The promoter-less plasmid X-intron-less 
digested with KpnI or SacI, respectively; (4), (5) & (6) The promoter-less plasmid X-iOsUbi2 
digested with KpnI, PvuI or SacI, respectively; scoGUS, sugar cane optimised β-glucuronidase 
reporter gene; tNos, Nopaline synthase terminator; T3 & T7, Promoters for bacteriophage RNA; Lac, 
Promoter for the E. coli lac operon; AmpR, ampicillin resistance gene promoter. 
 
The KpnI/iOsUbi2-scoGUS-pBS construct that did not have any vector 
sequence upstream of the intron gave significantly higher levels of GUS activity 
compared to the negative control (KpnI/scoGUS-pBS; Figure 4-15).  This result 
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indicates that the iOsUbi2 sequence was sufficient for driving GUS expression and 
therefore possesses promoter-like activity.  The SacI/pBS-iOsUbi2-scoGUS 
(construct having the pBS vector sequence upstream of the intron) and PvuI/pT7-
iOsUbi2-scoGUS-pBS (construct having the T7 promoter sequence upstream of the 
intron) showed significantly higher levels of GUS activity compared to their 
respective linearised negative controls and KpnI/iOsUbi2-scoGUS-pBS (Figure 
4-15).  This finding suggests that the bacteriophage T7 promoter sequence in the pBS 
backbone was capable of driving gene expression, at least when it was present with 
iOsUbi2.  Thus, the gene expression displayed by the uncut, “promoter-less” OsUbi2 
constructs may actually represent IME activity by the introns (in combination with 
the upstream T7 promoter) rather than promoter-like activity. 
 
 
Figure 4-15 Transient GUS analysis from linearised promoter-less constructs in young sugar 
cane leaf. 
Expression was determined using the fluorimetric MUG assay of 3 independent biological samples 
analysed for each construct.  Shown are the mean ±SEM.  Data with different letters are significantly 
different (P<0.05, Student’s t-test). pSHDIR16, sugar cane dirigent promoter; iOUbi2, rice 
polyubiquitin-2 intron; pBS, pBluescript II SK(-) (Stratagene); X, indicates absence of a cloned 
promoter; T7, a bacteriophage promoter present in the pBS; scoGUS, sugar cane optimise GUS ( β-
glucuronidase) gene SacI and PvuI, restriction sites used for linearisation. 
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 DISCUSSION 4.4
The role of introns in boosting gene expression from a promoter has been 
reported in numerous studies in both animals and plants however the mechanism 
behind IME remains unknown.  Although the mechanism of IME has not been 
elucidated, the increased gene expression displayed by vectors containing specific 
enhancing introns has been associated with an increase in cytoplasmic mRNA levels 
[9, 65, 66, 68].  This increase in mRNA levels in the cytoplasm is linked to the 
process of intron splicing, which deposits exon-exon junction protein complexes 
(EJC) on the transcript.  However, the fact that efficient splicing itself is not 
sufficient for IME suggests that sequences within the introns themselves may be 
important for enhancing gene expression.  The different enhancing abilities of introns 
suggest that some introns contain more stimulatory signals than do others.  The 
OsUbi2 intron has the ability to boost transient GUS expression via IME in sugar 
cane as demonstrated in the previous chapter.  Here, we investigated sequences 
within the OsUbi2 intron that may be responsible for IME.   
From the results, we could not conclusively define specific sequences within 
the OsUbi2 intron that facilitate IME in sugar cane.  However, the results showed 
that IME levels in sugar cane were indeed influenced by certain regions within the 
enhancing OsUbi2 intron.  The results suggested that sequences within iOsUbi2 that 
are important for IME were redundant and dispersed.  The deletion studies also 
suggested that, although sequences important for IME are distributed throughout 
iOsUbi2, they are more prevalent in the 5’ end of the intron.  In silico analysis of the 
iOsUbi2 sequence identified a specific motif that was dispersed throughout the 
intron, but most abundant at the 5’ end.  However, future studies will be necessary to 
determine whether this motif plays any role in IME.  Data was also presented 
demonstrating that the OsUbi2 intron itself can drive gene expression, and thereby 
function as a promoter.  
Deletion analysis of the rice polyubiquitin-2 intron 
The rice polyubiquitin-2 intron (iOsUbi2) was the best of the four introns that 
we identified for boosting gene expression in sugar cane.  The present work 
investigated the sequences in the iOsUbi2 that are involved in IME.  The data 
showed that the nine different OsUbi2 intron deletions possessed a range of 
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enhancing activities (Figure 4-5) when combined with the sugar cane stem-preferred 
dirigent promoter (SHDIR16).  The OsUbi2 full intron and all of the intron deletions 
were found to significantly boost gene expression in sugar cane from 2- to 10-fold 
compared to the intron-less control (Figure 4-5).  A key finding from this deletion 
analysis was that substantial portions of the OsUbi2 intron could be deleted without 
affecting the full enhancing activity of this intron.  For example, deleting 50% of the 
intron sequence from the 3’ end (iOsUbi2AB) or center (iOsUbi2AD) of the intron 
did not reduce the enhancing activity of this intron.  In addition, a deletion consisting 
of just 30% of the intron sequence (iOsUbi2A) possessed 80% of the enhancing 
activity of the full intron, and statistically the enhancing activity of iOsUbi2A was 
similar to that of the full intron.  Similar findings have been shown in previous 
studies of various introns in both monocot and dicot plants [86, 88, 123].  In maize, 
at least 80% of IME activity was retained when up to 85% of the middle sequence of 
the first intron of the maize shrunken-1 (Sh1) gene encoding maize sucrose synthase 
was removed [86].  In another study, around 50% of IME activity from the maize 
alcohol dehydrogenase-1 (Adh1) first intron and the maize actin third intron was 
maintained when approximately 80% of the sequence in these introns was deleted 
[88].  In Arabidopsis, a deletion of more than 80% of the Arabidopsis profilin gene 
PRF2 first intron maintained IME activity of approximately 30-40% [123].  These 
results suggest that enhancing sequences in different introns, including iOsUbi2, are 
likely redundant and present in multiple locations along the intron, and they likely 
have an additive effect on gene expression enhancement.  
Although data suggest that iOsUbi2 sequences responsible for IME were likely 
redundant and dispersed [86, 88, 123], the data also suggests that such enhancing 
sequences may be most prevalent in the 5’ end of the intron.  Jeong et al. [123] found 
that elements in the first intron of petunia actin-depolymerizing factor 1 (PhADF1) 
that were responsible for enhancement of GUS in transgenic A. thaliana were in the 
5’ region of the intron.  Similarly, in the deletion analysis of the Arabidopsis 
translation elongation factor alpha A3 (AtEF1a-A3) untranslated region (UTR) intron 
by Chung et al. [80], there was a positive correlation between expression and the 
length of the 5’ region of the intron, whereas there was little correlation between 
expression and the length of the 3’ region.  In another study, Para et al. [58] 
performed a comparative analysis of introns in several sequenced plant genomes via 
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the IMEterV2 and found that a sequence motif that may be an important part of IME 
signals was not only dispersed but was concentrated in the 5’ end of introns.  These 
observations suggest that the 5’ end of enhancing introns may offer a more 
significant contribution to IME.  In the current study, these observations for iOsUbi2 
were not limited to the SHDIR16 promoter.  The expression profiles from the full 
OsUbi2 intron and selected deletions (iOsUbi2A, iOsUbi2AB, and iOsUbi2A) with 
the ZMPEPC (no intron) promoter were strongly correlated with the level of 
enhancement achieved using pSHDIR16 (Figure 4-8).  
Sequences within the rice polyubiquitin-2 intron important for IME 
When the search for particular enhancing sequences or sequence motifs within 
the OsUbi2 intron was conducted (using the PLACE database), a sequence motif that 
fits the description of “abundant and dispersed with biasedness towards the 5’ end”, 
was identified.  The sequence motif NGATT (N = G/A/C/T) [156] [157] was present 
at 17 different locations along the intron, and was most prevalent at the 5’ end  
(Figure 4-9).  This element was present at 7, 5, 3, and 1 site(s) in the intron regions 
“A”, “B”, “C” and “D”, respectively.  This motif was the most abundant among 33 
other motifs identified, with more than twice as many sites as the second most 
abundant motif (Appendix C).  The identified motif represents a binding element for 
a response regulator, ARR1, that can activate or repress transcription [156] [157].  A 
comparison of the ARR1 binding motif to putative IME signals (TMGWTB (M = 
C/A, W = A/T, B = C/G/T) abundant in rice introns (IMEterV1) [96], showed that 
both occur at the same location within the OsUbi2 intron.  The pentamer sequence 
CGATT identified in the updated IMEter version (IMEterV2) matches the consensus 
sequence for the ARR1 binding motif (NGATT, where N = G/A/C/T).  This suggests 
that the minimum specific sequence GATT may be an important part of IME signals.  
Point mutagenesis will be useful in future studies to more specifically assess the 
potential role of this sequence in IME.  
While it is interesting that the IMEterV2 pentamer sequence was similar to the 
ARR1 sequence element identified in this study, we did not observe a good 
correlation between IMEter scores and enhancing activities for the OsUbi2 full intron 
and intron deletions studied here.  This finding was similar to results reported by 
Morello et al. [114], where the IMEter score did not correlate with the IME activity 
Chapter 4: Detailed Characterisation of IME from the Rice Polyubiquitin-2 Intron in Sugar Cane 
94 
 
determined for several rice introns that were evaluated in transiently transformed rice 
calli.  If the GATT sequence motif does indeed play a role in IME, it is likely that it 
does so in cooperation with other sequences.  Analysis of the intron deletions 
iOsUbi2Ab and iOsUbi2Ad found that GUS expression from iOsUbi2AB and 
iOsUbi2AD was significantly reduced when 50% of intron regions “B” and “D” 
were removed, respectively.  The deleted portions of these two regions lack any IME 
motifs predicted by IMEterV2.  A more refined deletion analysis may help to 
determine if there are specific sequence elements in these regions that function in 
IME. 
   Splicing of OsUbi2 intron deletions 
The correct splicing of introns has been shown to be essential for obtaining full 
IME activity [77, 85, 86, 136, 162].  Previous studies have demonstrated that 
mutations which prevent intron splicing can eliminate the enhancing effect of an 
intron [89, 163].  Mutations of the 5’ and 3’ splices sites of the maize Sh1 first intron 
blocked transcript splicing, and resulted in a significant reduction in CAT activity in 
maize cells [86].  The 25- to 44-fold enhancement from this intron relative to the 
intron-less control dropped to about 2-fold in the absence of splicing [86].  Luehrsen 
and Walbot [88] found that extensive deletions (>75%) of the maize Adh1 intron 1 
reduced both intron enhancement and intron splicing efficiency.  A study by Akua et 
al. [6] found that the leader intron of the AtMHX gene enhanced expression 272-fold, 
however mutations of the donor and acceptor splice sites reduced enhancement to 5-
fold.  Work by Morello et al. [131] showed that efficient splicing of the rice β-
tubulin (OsTub6) intron gave a 10-fold increase in transgene expression compared to 
the intron-less control.  When splicing of OsTub6 was prevented by mutation, IME 
was completely abolished.  Rose et al. [53, 90] found that when splicing signals of 
the phytochrome-A signal transduction 1 first intron were made non-functional by 
mutation of the splice sites, by shortening of the intron through deletions, or by 
eliminating potential branch point sequences, IME levels in Arabidopsis were 
reduced by only 50%.  These studies demonstrate that while the significance of 
splicing to IME can vary for different introns, splicing is essential for full enhancing 
activity.   
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In this study, we designed the IME vectors to try and maintain efficient intron 
splicing.  This was accomplished by retaining specific sequences at both the 5’ and 
3’ ends of all the OsUbi2 deletions.  Splicing of the various OsUbi2 intron deletions 
was assessed to determine whether the OsUbi2 intron deletions with reduced 
enhancing activity was due to the removal of sequences involved in IME or a result 
of compromised splicing.  RT-PCR detected only one spliced product for all of the 
OsUbi2 intron deletions, which corresponded with the expected size of a correctly 
spliced transcript (Figure 4-6).  The lack of any unspliced or alternatively spliced 
products suggests that the intron deletions were likely being spliced efficiently.  
Therefore, the low levels of enhancement detected for specific OsUbi2 intron 
deletions (i.e. iOsUbi2D, iOsUbi2B, iOsUbi2Ad) was most likely caused by the 
removal of specific sequences involved in IME. 
Promoter-like activity of enhancing introns 
Studies have shown that some enhancing introns have promoter-like activity 
that can drive gene expression in the absence of a promoter [67, 120, 131, 142].  We 
found that the OsUbi2 intron was capable of driving gene expression in the absence 
of a promoter.  This finding was initially made using an uncut, “promoterless” 
expression vector (Figure 4-12).  A linearised vector in which only the OsUbi2 
intron sequence resided upstream of the scoGUS reporter gene further verified the 
promoter-like activity of this intron.  Three TATA box motifs were found to be 
present in the OsUbi2 intron by using the PLACE database of cis-acting elements 
(Appendix C).  Point mutagenesis of these sites will be useful for helping to 
determine if one of these TATA boxes is required for the iOsUbi2 promoter-like 
activity.  Work by Dugdale et al. [67] also detected intron-directed reporter gene 
expression from the ZmUbi1 and rice Act1 introns in banana embryonic cells 
following micro-projectile bombardment.  From this work it was suggested that the 
promoter-like activity from these introns was initiated from either a cryptic TATA 
box within the cloning plasmid 5’ of the intron or from a cryptic TATA box within 
the intron itself.  By generating a linearised expression vector that possessed only the 
OsUbi2 intron sequence upstream of the scoGUS reporter gene we were able to 
confirm that the intron itself possessed promoter-like activity.  
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Linearised constructs possessing either the full pBS sequence or just the T7 
bacteriophage promoter element upstream of the OsUbi2 intron were found to give 
higher levels of GUS accumulation than constructs where scoGUS was controlled by 
iOsUbi2 alone (Figure 4-15).  These findings suggest that promoter elements within 
the pBS backbone, most likely the T7 promoter, may be functioning with the OsUbi2 
intron to drive scoGUS expression.  Therefore, the experiments that examined the 
promoter-like activity of the intron deletions using uncut DNA cannot be interpreted 
because expression from these vectors may be driven by a promoter element in the 
pBS backbone in combination with the OsUbi2 intron deletions.  Linearised vectors 
that remove all sequence elements upstream of the OsUbi2 intron deletions will be 
essential for determining the promoter-like activity displayed by the individual 
deletions. 
Conclusion 
The focus of the work described in this chapter was to determine if specific 
sequences or regions of the OsUbi2 intron were important for the IME activity 
displayed by this intron.  Although we did not definitively identify a specific 
sequence responsible for IME in sugar cane, the deletion analyses concluded that, 1) 
substantial portions of the OsUbi2 intron could be deleted without affecting the 
enhancing activity of this intron, 2) sequences within the OsUbi2 intron that function 
in IME were likely redundant and dispersed, and 3) the enhancing sequences may be 
more prevalent in the 5’end.   
The reliability of the IMEter to identify specific motifs that may be important 
for IME remains to be proven.  The characterisation of IME from a larger set of 
introns may help determine intron features that can be used for predicting enhancing 
introns in silico.  In the next chapter, we describe the screening of novel maize 
introns for IME activity to help identify intron characteristics that may correlate with 
IME.  In addition, the identification of novel introns with strong enhancing activity 
may serve as useful tools for improving transgene expression in sugar cane. 
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Chapter 5: Screening for Novel Enhancing 
Introns and the Investigation of 
General Intron Features that can be 
used to Predict Enhancing Introns 
 INTRODUCTION 5.1
Introns are intervening DNA sequences found in most eukaryotic genes.  
Initially, introns were thought to be “junk” DNA that served no purpose as they were 
essentially removed upon transcription to create mature mRNA [73].  However, it 
became increasingly clear that introns and the process of intron splicing played a role 
in the generation of protein variants through alternative splicing [164] and influenced 
gene expression by affecting transcription, nuclear export, translation, and mRNA 
decay [165].  The stimulatory effect of introns on gene expression is referred to as 
intron-mediated enhancement (IME) [9].   
Since their discovery in the late 70s, many introns have been identified that 
stimulate gene expression via IME from both plants and animals [6-9, 166].  The 
discovery of the role introns play in stimulating gene expression in some of the early 
work on IME was revealed by comparing the expression levels of constructs 
containing native genes and their corresponding introns to constructs containing the 
cDNA only.  A study in maize showed that a construct lacking the nine introns of the 
maize Adh1-S gene had up to 100-fold lower expression compared to the intact gene 
[65].  The inclusion of only the Adh1-S first intron between the promoter and the 
reporter gene returned levels of gene expression to those shown by the intact gene.  
This ability of the maize Adh1-S first intron to enhance gene expression was further 
demonstrated with the heterologous promoters CaMV35S and nopaline synthase 
[65].   
The splicing of introns from the transcript has been linked to IME, although not 
all spliced introns are capable of enhancing gene expression.  This suggests that 
sequences within enhancing introns may be responsible for an intron’s ability to 
enhance expression.  Sequence deletion analyses of introns have been carried out on 
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some enhancing introns to identify sequence motifs that may be important for IME.  
Deletion analysis of several enhancing introns showed that substantial portions of 
enhancing introns could be deleted without affecting IME [6, 70, 88].  These studies 
have shown that sequences within enhancing introns that may be important for IME 
are redundant and dispersed throughout the intron.  For example, deleting 63% of the 
maize Shrunken-1 (Sh1) first intron did not affect its ability to enhance CAT reporter 
gene expression in rice and maize protoplasts [69, 70].  Similarly, up to 75% of the 
sequences within the maize Adh1 first intron could be deleted without affecting IME 
as long as the intron was able to be efficiently spliced [88].   
Many of the enhancing introns characterised to date are first introns from 
polyubiquitin housekeeping genes and other highly expressed genes.  These introns 
are usually located in the 5’ UTR or near the 5’ end of the coding sequence, and their 
removal often results in a significant reduction in promoter activity [58, 65, 167].  
According to Rose et al. [96],  promoter-proximal introns differ in their nucleotide 
composition from distal introns, and the more an intron resembles that of a promoter 
proximal intron the stronger its ability to increase expression.  Based on this theory, 
the IMEter algorithm was developed to predict the enhancing ability of an intron 
based on the degree in which an intron matches the promoter-proximal intron profile 
[58, 96].   
An understanding of the intron features that correlate with IME may enable 
enhancing introns to be identified in silico, thereby alleviating the need for time 
consuming screening.  While many of the characterised enhancing introns come from 
highly expressed genes, we are not aware of any evidence demonstrating that native 
gene expression is a reliable predictor for IME.  Other features such as secondary 
structure and intron length can also be readily determined and compared to 
enhancing activities.  Intron length has been closely correlated to free energy levels, 
with longer introns having lower free energy.  The free energy of a single stranded 
mRNA molecule determines the ease in which it folds into secondary structures 
through base-pairing interactions.  The more negative the free energy, the more 
spontaneous the base-pairing reaction occurs.  In yeast, secondary structure of the 5’ 
UTR influences transcript levels, transcript stability and accumulation of the 
corresponding protein [146].  A correlation was also observed between intron 
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splicing efficiency and the secondary structure formed by complementary pairing 
sequence segments located downstream of the 5’ splice site and upstream of the 
branchpoint sequence in yeast [147].  Comparing intron features such as free energy 
score, length, IMEter score, and native gene expression levels with their enhancing 
activities may provide information on characteristics that are associated with IME.  
Having a set of introns with known enhancing activities will be essential for such a 
study.  While there are a number of published reports describing the enhancing 
activity for different plant introns, it would be impossible to compare the IME 
activities of these introns due to the varied methods used for expression analysis. 
To answer the question of whether specific intron features are associated with 
IME and can be used to predict an intron’s transgene-enhancing potential, we 
examined IME from a set of 13 novel maize introns obtained from maize genes 
possessing a wide range of expression levels in stem and leaf.  The IME levels from 
these introns were then compared with different intron characteristics to determine if 
any specific features were correlated with enhancing activity.  Establishing the 
enhancing activities of the 13 novel introns enabled the screening of these introns in 
order to identify sequences that could potentially be used to improve gene expression 
in sugar cane. 
The specific objectives of this chapter were: 
 Identify novel enhancing introns for boosting gene expression in sugar cane 
 Identify intron characteristics that are associated with IME, and can be used 
for predicting enhancing introns 
 METHODS AND MATERIALS 5.2
5.2.1 Maize introns for IME characterisation 
A comprehensive analysis of gene expression in maize leaf and stem at 
different stages of development was undertaken by Syngenta, North Carolina, USA 
(Syngenta, unpublished data). This analysis identified genes that had a wide variety 
of expression levels in both leaf and stem.  Using the maize genome sequence, the 
predicted first intron was identified for each of the genes.  Using this information, we 
then selected a variety of introns that spanned a wide range of expression levels 
(based on expression in both leaf and stem), and that also had a range of IMEterV2 
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scores.  Based on the expression analysis by Syngenta, “very highly expressed” 
genes possessed average relative signals between 1000-2500, “highly expressed” 
genes had average signals between 300-850, and “low expressing genes” had average 
signals between 10-150.   
These introns were screened in silico to assess whether NetGene2 
(http://www.cbs.dtu.dk/services/NetGene2/) gave high scores for the predicted donor 
and acceptor splice sites when the intron was cloned into the expression vector 
(Table 5-1).  A total of 13 maize first introns were selected based on the above 
criteria and were screened for IME using transient GUS expression in sugar cane 
(sequences in Appendix D).   
Table 5-1 List of maize introns selected for IME. 
 
 
Donor Acceptor
iZm072416 GRMZM2G171179_T02
Pathogenesis-related transcriptional factor / 
ERF, DNA-binding; DNA-binding, integrase-
type;
Very High 1076 841 1 0.86
iZm000367 GRMZM2G108277_T01
mRNA splicing factor, thioredoxin-like U5 
snRNP;Thioredoxin-likefold;
Very High 1495 1965 1 1
iZm000850 GRMZM2G106960_T01
Ras GTPase; RanGTPase; RNA polymerase 
sigmal factor54, interaction; Ras small 
GTPase, Ras type; Small GTPase, Rho 
type;Ras small GTPase, Rab type; Small 
GTP-binding protein; ADP-ribosylation 
factor; Mitochondrial Rho-like; Ras;
Very High 2592 522 0.93 0.95
iZm003842 GRMZM2G162786_T02
Zinc finger,PHD-type; Protein of unknown 
function DUF1423, plant;
High 412 1726 1 0.94
iZm008083 GRMZM2G120596_T02 No Description High 836 620 1 1
iZm070827 GRMZM2G121790_T01
Serine-threonine/tyrosine-proteinkinase; 
Serine/threonine-protein kinase domain; 
Serine/threonine-protein kinase, activesite; 
Proteinkinase-like domain; Protein kinase, 
AT Pbindingsite; Serine/threonine-protein 
kinase-like domain;
High 614 1355 0.92 0.96
iZm012294 GRMZM2G081745_T03
Zinc finger, Sec23/Sec24-type; 
Sec23/Sec24, trunk domain; Sec23/Sec24, 
helical domain; Gelsolin 
domain;Sec23/Sec24 beta-sandwich;
High 305 1364 1 0.95
iZm020302 GRMZM2G007695_T01
Ribosomal protein L4/L1e; Ribosomal 
protein L4/L1e, eukaryotic/archaeal, 
conservedsite;
High 715 886 1 0.95
iZm043026 GRMZM2G052483_T01 No Description Low 13 712 0.88 0.83
iZm062989 GRMZM2G060167_T01 No Description Low 133 1322 0.94 1
iZm054585 GRMZM2G174343_T03
Phosphatidic acid phosphatase type 
2/haloperoxidase
Low 35 527 1 0.96
iZm055989 GRMZM2G040145_T01 Zinc finger, C3HC-like Low 135 1185 0.88 1
iZm067385 GRMZM2G027183_T02 No Description Low 105 607 0.94 1
NetGene2 Splicing 
prediction score
Maize 
Intron 
Name
Transcript code Maize 
Genome 4a.53 
(www.maizegenome.org)
Description Relative 
expression 
levels of 
maize gene
Average 
signal 
Leaf & 
Stalk
Intron 
length 
(bp)
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Seven of the selected thirteen maize introns (Table 5-2) were isolated from Zea 
mays genomic DNA by PCR (Section 2.2.1) using the KAPA HiFi PCR Kit 
(KapaBiosystems).  Specific primer pairs were designed to introduce a PstI and NotI 
site at the 5’ and 3’ ends, respectively for cloning (Table 5-2).   
The maize intron PCR products were A-tailed for pGEM®-T Easy (Promega) 
subcloning as described in Section 2.2.2.  Each PCR product was ligated with 50 ng 
of pGEM®-T Easy (Promega), 1 U T4 DNA ligase and 2X Rapid Ligation buffer 
according to the manufacturer’s specifications before incubation at 16oC for 16 
hours.  The ligation was performed using an insert to vector ratio of approximately 
3:1.  A 3 μL sample of the ligation reaction was used to transform 100 μL of 
competent cells of E. coli strain XLI Blue by the heat shock method (Section 2.2.8).  
Transformed cells were selected on LB agar with 0.1 mM IPTG, 40 µM X-Gal and 
100 µg/mL ampicillin for 16 hours in a 37
o
C incubator.  The maize intron PCR 
products cloned in pGEM®-T Easy were then verified by restriction enzyme 
digestion and sequence analysis as described in Section 2.2.3 and Section 2.2.13, 
respectively.  
The remaining six maize introns were synthetised by Geneart (Australia), and 
were engineered to include the restriction sites (PstI and NotI) for cloning, as well as 
the synthetic splice site flanking sequences (Table 5-2).  The intron iZm067385 was 
also engineered with additional sequence (a BglII restriction site and 40 bp of exon 1 
of the maize polyubiqutin-1 gene 5’ UTR) at the 5’ end (Figure 4-4 A).  The 
iZm067385 was used to construct the backbone vector for subsequent cloning of all 
enhancing introns as described in Section 4.2.2.3. 
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Table 5-2 List of Primers for PCR amplification of maize introns for cloning. 
PCR 
product1/ 
synthetic 
sequence 
Primer name Sequence (5’-3’)1 Restriction 
site 
Template 
iZm072416 
Zm072416-Fwd2 ctgcagcctcaagGTATACAACCGACCTCGTCTCCC PstI 
Z.mays gDNA 
Zm072416-Rvs gcggccgcaaaagaatCTAAAGCAAGGAGGGGG NotI 
iZm000367 
Zm000367-Fwd ctgcagcctcaagGTATCGAGCAACCTCCTAAC PstI Z.mays gDNA 
Zm000367-Rvs gcggccgcaaaagaatCTAAACATTAACAAGAGAGA NotI 
iZm000850 
Zm000850-F ctgcagcctcaagGTAAGTTCCCTATCCCTCCTC PstI Z.mays gDNA 
Zm000850-R gcggccgcaaaagaatCTGCACAATAACAAGAGAACG NotI 
iZm003842 
Zm003842-F ctgcagcctcaagGTCACTCACTCACTCACC PstI Z.mays gDNA 
Zm003842-R gcggccgcaaaagaatCTGTGTGAAGATATGTCC NotI 
iZm008083 
Zm008083-Fwd ctgcagcctcaagGTATGCCCTCTCCTCCCCTT PstI Z.mays gDNA 
Zm008083-Rvs gcggccgcaaaagaatCTGCAATGAAAAAACAAAAA NotI 
iZm020302 
Zm020302-Fwd ctgcagcctcaagGTACGACGATCTTCTCTTCC PstI Z.mays gDNA 
Zm020302-Rvs gcggccgcaaaagaatCTGAAAGGAAATTACATATC NotI 
iZm054585 
Zm054585-F ctgcagcctcaagGTGAACTGTTTCTCCTCTCTC PstI Z.mays gDNA 
Zm054585-R gcggccgcaaaagaatCTGTTTTGTTGACAACAAATGG NotI 
iZm067385 
n/a -made by 
Geneart 
n/a BglII / NotI n/a 
iZm012294 
n/a -made by 
Geneart 
n/a PstI / NotI n/a 
iZm070827 
n/a -made by 
Geneart 
n/a PstI / NotI n/a 
iZm043026 
n/a -made by 
Geneart 
n/a PstI / NotI n/a 
iZm055989 
n/a -made by 
Geneart 
n/a PstI / NotI n/a 
iZm062989 
n/a -made by 
Geneart 
n/a PstI / NotI n/a 
Restriction enzyme site indicated by underlined lower case letters; non-underlined lower case letters 
are synthetic splice site flanking sequences.  Primer sequences in capital letters were homologous to 
maize introns sequences at the 5’ and 3’ ends. n/a, not applicable; gDNA, genomic DNA. 
 
5.2.2 Bioinformatics 
To identify ARR1-binding site motifs (NGATT; N = G, A, C and T) and 
IMEterV2 motifs (CGATT) within the maize introns, the Vector NTI computer 
software programme was used.  The IMEter scores were calculated using 
http://korflab.ucdavis.edu/cgi-bin/IMEter_2014/web-imeter2.1.pl.  The minimum 
free energies were calculated using http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi. 
5.2.3 Construction of pSHDIR16 vectors 
To generate the expression vector backbone for cloning of the maize introns, 
the iZm067385 was removed from the Geneart construct pMA/Geneart-iZm067385 
(V46), by restriction digestion with BglII and NotI, and used to make the expression 
vector pSHDIR16-iZm067385 (V57) driving the sugar cane optimised GUS gene 
(scoGUS) as described in Section 4.2.2.3.  The ZMUBI1 promoter was next removed 
with HindIII and BglII restriction digests and replaced with the SHDIR16 promoter 
cut with HindIII and BamHI (BglII and BamHI being compatible enzymes) to 
generate the pSHDIR16-iZm067385 (V57) construct.  Prior to the cloning of the 
SHDIR16 promoter, a PstI site located at nucleotides position 2545 was removed by 
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altering the cytosine base to guanine via point mutagenesis using the protocol for the 
outward extending PCR described in Section 4.2.2.2.  To prepare the expression 
vector backbone for intron deletion cloning, the maize intron (iZm067385) was 
removed with a PstI and NotI restriction digest.  All other maize introns were 
removed from pGEM®-T Easy (Promega) or the Geneart constructs by PstI-NotI 
restriction digests and subsequently cloned into pSHDIR16-iZm067385 (V57) which 
was linearised by removing the iZm067385 with the same restriction enzymes.  An 
intron-less control vector was made by blunt ending the PstI-NotI digested backbone 
vector with Klenow enzyme (Section 2.2.5).  Table 5-3 lists all the constructs made 
for this aspect of the research. 
 
Table 5-3 List of pSHDIR16 expression vectors with maize introns. 
Construct 
ID 
Construct name Reporter 
gene 
Cloning strategy Origin of intron  
V57 pSHDIR16-iZm067385 scoGUS See Section 4.2.2.3 Geneart 
V58 pSHDIR16-intron-less scoGUS V57 cut with PstI/NotI; Blunt end & religate n/a 
V87 pSHDIR16-iZm000367 scoGUS V57 cut with PstI/NotI; insert iZm000367 Z. mays gDNA 
V88 pSHDIR16-iZm008083 scoGUS V57 cut with PstI/NotI; insert iZm008083 Z. mays gDNA 
V89 pSHDIR16-iZm020302 scoGUS V57 cut with PstI/NotI; insert iZm020302 Z. mays gDNA 
V90 pSHDIR16-iZm072416 scoGUS V57 cut with PstI/NotI; insert iZm072416 Z. mays gDNA 
V97 pSHDIR16-iZm043026 scoGUS V57 cut with PstI/NotI; insert iZm043026 Geneart 
V99 pSHDIR16-iZm012294 scoGUS V57 cut with PstI/NotI; insert iZm012294 Geneart 
V100 pSHDIR16-iZm055989 scoGUS V57 cut with PstI/NotI; insert iZm055989 Geneart 
V101 pSHDIR16-iZm062989 scoGUS V57 cut with PstI/NotI; insert iZm062989 Geneart 
V102 pSHDIR16-iZm070827 scoGUS V57 cut with PstI/NotI; insert iZm070827 Geneart 
V143 pSHDIR16-iZm000850 scoGUS V57 cut with PstI/NotI; insert iZm000850 Z. mays gDNA 
V144 pSHDIR16-iZm003842 scoGUS V57 cut with PstI/NotI; insert iZm003842 Z. mays gDNA 
V145 pSHDIR16-iZm054585 scoGUS V57 cut with PstI/NotI; insert iZm054585 Z. mays gDNA 
V71 pSHDIR16-iOsUbi2 scoGUS See Section 4.2.2.3  
 
5.2.4 Construction of pZMPEPC vectors 
To test GUS activity from the maize introns using a different promoter, a select 
group of the maize introns were cloned into an expression vector driven by the 
ZMPEPC promoter.  Using the pZMUBI1-iZm067385 (V50) vector described in 
Section 4.2.2.3, the ZMUBI1 promoter was removed and replaced with the ZMPEPC 
promoter using the HindIII and BglII restriction sites to create pZMPEPC-
iZm067385 (V137).  Subsequently, iZm067385 was removed with PstI and NotI and 
replaced with each of the following maize introns; iZm072416, iZm008083, 
iZm043026, iZm055989 and iZm020302 to create, 1) pZMPEPC-iZm072416 (V131), 
2) pZMPEPC-iZm008083 (V132), 3) pZMPEPC-iZm043026 (V135), 4) pZMPEPC-
iZm055989 (V136) and 5) pZMPEPC-iZm067385 (V137).  To generate the intron-
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less control, the pZMPEPC driven expression vector digested with PstI and NotI was 
blunt ended (Section 2.2.5) and religated to create pZMPEPC-intronless (V127).  
The construct pZMPEPC-iOsUbi2 (V130) described in Section 4.2.3 was used as a 
positive control.  A 3 μL sample of the ligation reaction was used to transform 100 
μL of competent cells of E. coli strain XLI Blue by the heat shock method (Section 
2.2.8).  Transformed cells were selected on LB agar containing 100 ug/mL ampicillin 
for 16 hours in a 37
o
C incubator.  The borders for the cloned insert were 
subsequently sequence verified as described in Section 2.2.13. 
5.2.5 Fluorimetric MUG assay 
To assess the enhancing activity of the intron candidates, a transient assay 
involving the microprojectile bombardment (Section 2.5.2.2) of the expression 
constructs into young sugar cane leaf (Section 2.5.1.2) was performed.  After 48 
hours post-bombardment, gene expression was analysed using a semi-quantitative 
histological assay and a quantitative fluorimetric MUG assay (Section 2.6).   
5.2.6 Splicing assay 
To assess splicing of the maize introns from the expression vector, a splicing 
assay was carried out on constructs for a selected group of maize introns 
(iZm072416, iZm008083, iZm020302, iZm043026 and iZm067385).  Young sugar 
cane leaves (Section 2.5.1.2) were microprojectile bombarded with expression 
constructs prior to incubation at 27
o
C for 48 hours under 16 hours of daylength 
(Section 2.5.2.2).  After 48 hours of incubation, one of the three leaf samples for 
each expression construct was histochemically stained to check the success of the 
microprojectile bombardment (Section 2.6.1).  At the same time the other leaf 
samples were cut into small pieces and transferred into two millilitre microcentrifuge 
tubes and snap frozen with liquid nitrogen.  These samples were stored at -80
o
C until 
required.  Total RNA was extracted using TRIzol® Reagent (Section 2.3.3), and 
cDNA was synthesised using RT-PCR (Section 2.3.4).  Specific primers were used to 
amplify the cDNA region that begins immediately at the end of the SHDIR16 
promoter (AP251012-1F (ZMUBI1 5’ UTR): GATCTCCCCCAAATCCACCC) and 
ends 290 bp from the 5’ end of the scoGUS gene (AP251012-2R (scoGUS):  
ACCTTGCCGTAGTGGGTCAC).  All individual introns were located within the 
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amplified region and gel electrophoresis was used to assess amplicon size to 
determine whether the intron had been spliced out of the transcript. 
 RESULTS 5.3
5.3.1 Enhancing activity of novel maize introns with the SHDIR16 promoter, 
and correlation to different intron characteristics  
We successfully isolated seven maize introns (iZm072416, iZm000367, 
iZm000850, iZm003842, iZm008083, iZm020203 and iZm054585) from Zea mays 
genomic DNA by PCR using specific primer pairs (Table 5-2).  All seven PCR 
reactions yielded a single band of the size expected for each intron (data not shown).  
Sequencing of the PCR products showed that the isolated introns were 100% 
identical to the intron sequences present in the maize genome database (data not 
shown).  The remaining six maize introns were synthesised such that they were 
identical to the sequences present in the maize genome database. 
Three out of the thirteen maize introns (iZm003842, iZm008083 and 
iZm072416) were capable of enhancing gene expression from the SHDIR16 promoter 
to a level comparable to that of the OsUbi2 enhancing intron that was used as the 
positive control (Figure 5-1).  The iZm003842, iZm008083 and iZm072416 introns 
enhanced reporter gene expression by 7-, 5- and 5-fold, respectively relative to the 
intron-less control.  All three of these enhancing introns originated from maize genes 
that had been shown to possess “very high” (iZm072416) or “high” (iZm003842 and 
iZm008083) (Syngenta, unpublished data) relative levels of expression (Table 5-4).  
All three introns that originated from very highly expressed maize genes 
(iZm072416, iZm000367 and iZm000850) were found to enhance gene expression to 
levels significantly higher than the intron-less control (Figure 5-1).  Three of the five 
introns (iZm003842, iZm008083 and iZm070827) originating from highly expressed 
maize genes were found to enhance gene expression to levels significantly higher 
than the intron-less control (Figure 5-1).  None of the introns originating from low 
expressed maize genes showed any significant enhancing ability over the intron-less 
control (Figure 5-1).  Interestingly, expression levels from iZm020302 and 
iZm067385 were significantly lower compared to the intron-less control, suggesting 
that these two introns suppressed gene expression from the SHDIR16 promoter.  
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Even though no specific motif had been identified to be responsible for IME, 
we investigated whether there was a correlation between the expression levels of the 
13 maize introns with the number of IMEter motifs (CGATT) suggested to be 
important for IME in rice [58].  No correlation was seen between the transient 
expression levels from all 13 introns and the number of IMEter motifs (Figure 5-2 
A).  Maize introns with three (iZm000850) or two (iZm000850, iZm055989) 
CGATT motifs (Table 5-4, Appendix E) had significantly lower levels of GUS 
expression compared to iZm003842 and iZm008083 with no motifs (Table 5-4, 
Appendix E).  We also compared transient expression levels from the 13 maize 
introns to the number of ARR1 motifs (NGATT) identified in deletion analysis of the 
OsUbi2 enhancing intron (Chapter 4) to potentially be important for IME.  No 
correlation between the numbers of ARR1 motifs and transient GUS expression 
levels were revealed (Figure 5-2 B).  As shown in Table 5-4 and Appendix E, the 
iZm000367 with 20 ARR1 sites had expression levels significantly lower than 
iZm008083 and iZm724716 which had 0 and 6 ARR1 sites, respectively. 
Other intron features that had previously been suggested to potentially play a 
role in IME were examined for a correlation with enhancing ability in sugar cane.  
For example, studies had suggested that enhancing introns were usually first introns 
from highly expressed genes, and that enhancing introns tended to be longer 
compared to non-enhancing introns [58].  While introns from more highly expressed 
genes were more likely to possess IME activity (75% of introns from very high and 
highly expressed genes; 0% from low expressed genes), the results of a correlation 
analysis (Figure 5-2 C) do not support a strong link between native gene expression 
and absolute level of intron enhancing activity. 
Similarly, no detectable correlation was shown between enhancing activity and 
intron length (Figure 5-2 D).  The IMEter assigned scores to intron sequences based 
on how enriched they were with potential enhancing motifs, with more weight given 
to enhancing motifs located in the 5’ end of the intron.  A high IMEter score was 
proposed to indicate an intron with strong enhancing potential.  When IMEter scores 
for the 13 introns were compared to the actual enhancing activities determined in the 
sugar cane transient assay, no correlation was shown (r
2 
= 0.05) (Figure 5-2 E).   
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 The free energy of a single stranded mRNA molecule determines the ease in 
which it folds into secondary structures through base-pairing interactions.  The more 
negative the free energy, the more spontaneously the base-pairing reaction occurs.  
Correlation analysis did not shown any association between the IME activities and 
the free energy values (Figure 5-2 F) predicted by using 
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi (Table 5-4).   
 
 
Figure 5-1 Transient GUS expression from maize intron constructs driven by the SHDIR16 
promoter. 
A. Introns from very highly expressed maize genes, B. introns from highly expressed maize genes, 
and C. introns from low expressed maize genes.  Intron enhancing activity was determined using the 
fluorimetric MUG assay.  Shown are the mean ±SEM, with n values indicating the number of 
independent biological samples analysed for each construct.  Values are expressed relative to the 
positive control containing the OsUbi2 intron. Fold increases are expressed relative to the no intron 
negative control. Data with different letters are significantly different (P<0.05, Student’s t-test). 
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Table 5-4 Features of maize introns selected for IME screening. 
Maize intron 
Expression 
levels of 
maize gene 
Average 
signals in 
leaf & 
stalk 
(Syngenta 
data) 
Intron 
Size 
(bp) 
IMEterV2 
score 
Minimum 
Free 
energy 
Number 
of 
IMEterV2 
motifs 
(CGATT) 
Number 
of ARR1 
motifs 
(NGATT) 
Relative 
transient 
GUS 
activity 
iOsUbi2 Very High - 962 61.98 -233.3 6 17 1 
iZm072416 Very High 1075 841 20.55 -233.3 1 6 1.13 
iZm000367 Very High 1495 1965 12.63 -597.5 1 20 0.38 
iZm000850 Very High 2592 522 31.93 -171.8 2 4 0.29 
iZm003842 High 412 1726 5.99 -380.2 0 6 0.88 
iZm008083 High 836 620 37.88 -199 0 0 0.81 
iZm070827 High 614 1355 31.27 -453.2 3 10 0.39 
iZm012294 High 305 1364 2.15 -302.2 1 9 0.15 
iZm020302 High 715 886 1.19 -200.6 0 10 0.04 
iZm043026 Low 13 712 18.59 -172.1 1 3 0.28 
iZm062989 Low 133 1322 14.14 -302.7 0 9 0.21 
iZm054585 Low 25 527 12.36 -128.9 0 2 0.13 
iZm055989 Low 135 1185 13.8 -346 2 16 0.12 
iZm067385 Low 105 607 32.97 -193.4 0 3 0.05 
The relative transient expression values are expressed relative to the positive control construct 
containing the rice polyubiquitin-2 intron (iOsUbi2), which was arbitrarily given a value of 1.  Refer 
to Appendix D for intron sequences. IMEter scores calculated using http://korflab.ucdavis.edu/cgi-
bin/INEter 2014/wev-imeter2.1.pl. Minimum free energy calculated using 
http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi. 
 
Chapter 5: Screening for Novel Enhancing Introns and the Investigation of General Intron Features 
that can be used to Predict Enhancing Introns 
109 
 
          
      
      
Figure 5-2 Scatter plot showing the correlation between IME activity of the introns and number 
of IMEter and ARR1 motifs,  native gene expression, intron length, IMEter scores and 
minimum free energy. 
The relative expression values are expressed relative to the positive control construct containing the 
rice polyubiquitin-2 intron (iOsUbi2), which was arbitrarily given a value of 1.  
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5.3.2 Semi quantitative splicing assay to assess splicing of novel maize introns   
Efficient splicing appears to be essential for full IME activity in monocots.  
Therefore, to conclude that an intron has little or no enhancing activity it is important 
to first verify that the intron is being spliced properly.  Consequently, a splicing 
assay was carried out to assess splicing for two enhancing maize introns (iZm072416 
and iZm008083) and three non-enhancing maize introns (iZm020302, iZm043026 
and iZm067385).  The splicing assay was undertaken using a transient assay in sugar 
cane leaf.  Histochemical staining of transiently transformed leaf was initially used to 
assess the success of microprojectile bombardment (Figure 5-3 A).  The presence of 
blue foci in all of the leaf samples transformed with the intron-containing constructs 
suggested that transient expression of GUS was occurring (Figure 5-3 A).  RT-PCR 
analysis of cDNA synthesised from total RNA extracted from the sugar cane leaf 
microprojectile bombarded with the various maize intron vectors detected one major 
product of a size (390 bp) expected for the product of a properly spliced transcript 
(Figure 5-3 B).  No other products were observed for any of the intron-containing 
constructs, which suggested that all of the introns were predominantly spliced 
properly.  Neither the untransformed wild type nor water alone controls (negative 
controls) had any detectable products, which indicated that the amplicons were from 
the intron-containing constructs introduced in the leaf samples (Figure 5-3 B).  This 
data suggested that these maize introns were able to be spliced from their respective 
pre-mRNA transcripts.   
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 (A) 
 
(B) 
 
Figure 5-3 RT-PCR analysis of splicing for selected maize intron constructs. 
(A) Histochemical staining of sugar cane leaf following microprojectile bombardment with selected 
maize introns in combinations with the SHDIR16 promoter. Leaf samples were stained with X-Gluc at 
48 hours post-bombardment.  Blue foci indicate the presence of the GUS protein. 
(B) Gel electrophoresis (1.5% agarose gel) of RT-PCR products.  The SHDIR16-iOsUbi2 plasmid 
(lane 9) was used as a positive PCR control, while the negative controls consisted of wild type, 
untransformed leaf (WT) in lane 1 and water (-ve) in lane 10. X, DNA molecular marker. The 
expected product for correctly spliced transcripts is indicated (refer to list of constructs below). RNA 
used for cDNA synthesis was extracted 48 hours post-bombardment, and all spliced products were 
excised for sequencing. 1) Wild types, 2) pSHDIR16-intron-less, 3) pSHDIR16-iOsUbi2, 4) 
pSHDIR16-iZm072416, 5) pSHDIR16-iZm008083, 6) pSHDIR16-iZm020302, 7) pSHDIR16-
iZm043026, 8) pSHDIR16-iZm067385, 9) pSHDIR16-iOsUbi2 plasmid control (+ve), 10) water 
control (-ve) 
 
5.3.3 IME by novel maize introns was not limited to a single promoter 
To assess whether the enhancing activity data obtained for some of the maize 
introns in combination with the SHDIR16 promoter could be supported using an 
alternative promoter, expression vectors of selected maize introns driven by the 
ZMPEPC promoter were characterised for their enhancing activity using the transient 
sugar cane leaf assay.  The introns selected for this investigation were chosen to 
cover a range of enhancing activities from very high (iZm072416) and high 
WT intronless iOsUbi2 iZm072416 iZm008083 iZm020302 iZm04302
6 
iZm067385 
High expressors Low expressors 
1018 bp 
517/506 bp 
Splice product 
X 2 3 4 5 6 7 8 9 10 X 1 
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(iZm008083), to low (iZm043026, iZm055989, iZm067385 and iZm020302) 
(Syngenta, unpublished data).   
The enhancing activities of the selected maize intron-containing constructs 
driven by the ZMPEPC promoter showed levels of enhancement comparable to those 
from the SHDIR16 promoter (Figure 5-4).  However, similar to what was observed 
with the iOsUbi2 (Chapter 4:, Figure 4-7), absolute GUS expression was higher with 
the ZMPEPC promoter in comparison to the SHDIR16 promoter (Figure 5-4 C and 
D).  A very strong correlation (r
2
 = 0.9242) was revealed for the enhancing activities 
displayed from both the SHDIR16 and the ZMPEPC promoters (Figure 5-5). This 
finding suggests that the relative enhancing activities of the introns was consistent 
for different promoters, and therefore, not promoter specific.   
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Figure 5-4 Transient GUS expression in sugar cane leaf from maize intron constructs driven by 
the SHDIR16 and ZMPEPC promoters. 
A and C; Relative and absolute GUS activity respectively from indicated maize introns with the 
SHDIR16 promoter.  B and D; Relative and absolute GUS activity respectively from indicated maize 
introns with the ZMPEPC promoter.  Expression was determined using the fluorimetric MUG assay.  
Shown are the mean ±SEM, with n values indicating the number of independent biological samples 
analysed for each construct.  Values are expressed relative to the positive control containing the full 
intron. Fold increases are expressed relative to the no intron negative control. Data with different 
letters are significantly different (P<0.05, Student’s t-test). 
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Figure 5-5 Scatter plot showing the correlation between IME activity of maize introns in 
combinations with pSHDIR16 and pZMPEPC 
The relative expression values are expressed relative to the full iOsUbi2 intron constructs which was 
arbitrarily given values of 1. 
 
 DISCUSSION 5.4
The results of this investigation revealed that expression of the native maize 
gene was a useful feature for identifying introns with a high probability of having 
IME activity.  None of the other intron features examined (IMEter score, intron 
length and minimum free energy) showed any correlation with IME activity. [168].  
Six maize introns were capable of significantly enhancing gene expression in sugar 
cane.  The enhancing activity for three of these introns was comparable to that of 
iOsUbi2, and therefore, these maize introns make good candidates for use in sugar 
cane genetic engineering. 
 Intron features associated with IME 
The identification of specific characteristics that are associated with IME could 
enable in silico screening for enhancing introns.  Most of the enhancing introns 
identified to date were essential components of promoters from highly expressed 
genes [9, 65, 113, 128].  From the novel maize introns characterised here, six of the 
eight (75%) introns selected from “highly” and “very highly” expressed maize genes 
(Syngenta, unpublished data) were able to significantly enhance gene expression in 
sugar cane.  In contrast, none of the five introns selected from the low expressing 
maize genes showed any enhancing activity over the promoter (no intron) control.  
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The high percentage of enhancing introns sourced from high/very high expressing 
maize genes suggested that native gene expression may be a useful tool for selecting 
introns for IME screening.  While many enhancing introns have been identified from 
abundantly expressed genes, we are not aware of any reports that have demonstrated 
that gene expression can be used to predict the enhancing potential of an intron.  
While there was a strong association between an intron’s potential for IME and 
expression of the maize gene from which the intron originated, the levels of maize 
gene expression did not correlate with absolute levels of enhancing activity.  It is 
possible that screening of a larger set of introns may provide more information on 
this relationship.  Nevertheless, our data indicate that strong enhancing introns for 
use in sugar cane biotechnology are most likely to be sourced from genes that 
possess high levels of expression. 
As shown in the previous chapter (Chapter 4:), sequences that were important 
for IME in the OsUbi2 intron were abundant and dispersed, but biased towards the 5’ 
end of the intron.  The ARR1 motif (NGATT) fits this description however no 
correlation was established between the number of ARR1 sites and expression levels.  
Similarly, no correlation between the expression levels from the 13 investigated 
maize introns and the number of ARR1 sites was shown (Figure 5-2 B).  In addition, 
the number of CGATT motifs abundant in rice introns and alleged to play a role in 
IME [58] also showed no correlation with the level of gene expression enhancement 
from the maize introns investigated.  This data suggests that the CGATT sequence 
(IMEterV2) proposed to be involved in IME in rice [58] may not be responsible for 
IME in maize introns.  The ARR1 motif identified in the iOsUb2 deletion analysis 
(Chapter 3:) to be abundant in intron deletions with high GUS expression 
enhancement may only be applicable to the iOsUbi2 or other rice introns.  The 
presence of this motif in the 13 maize introns did not correlate with the enhancing 
activity of these introns.  
Further correlational analysis carried out to determine relationships between 
IME and other known intron features such as intron length, minimal free energy and 
IMEter scores also revealed no detectable correlations.  The only strong correlation 
that could be detected was that of minimal free energy negatively correlating to 
intron length, which means that the longer the intron, the more easily the intron 
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forms secondary structure.  It has been proposed that pre-mRNA secondary 
structures can potentially influence splicing activity [147, 169].  The secondary 
structure of the pre-mRNA transcript plays a role in regulating splicing, such as by 
bringing together splicing elements or by masking a sequence that would otherwise 
serve as a binding element for a splicing factor [169].  In another study, Ringnér and 
Krogh [146] found significant correlations between folding free energies of 5’ UTRs 
and various transcript features measured in genome-wide studies of yeast.  In 
particular, mRNAs with weakly folded 5’ UTRs have higher translation rates, higher 
abundances of the corresponding proteins, longer half-lives, and higher numbers of 
transcripts.  Taken together, it appears that while an optimal amount of secondary 
structure involving introns at the level of pre-mRNA is necessary for splicing, 
weakly folded 5’ UTRs of mature mRNA is favourable for higher levels of gene 
expression.  In the context of the current study, high levels of gene enhancement 
were observed from three introns with varying lengths of 620, 841 and 1726 bp, and 
minimal free energies of -199, -233 and -380 kcal/mol, respectively (Table 5-4).  
However, several introns of similar lengths and corresponding minimal free energies 
showed significantly lower levels of expression (Figure 5-1; Table 5-4).  It is 
possible that secondary structure could explain the absence of any correlation 
between enhancing activity and IMEter scores.  The specific folding of each 
individual intron within the transcript could alter the accessibility of predicted IME 
signals that influence gene regulation. 
The correct splicing of introns had been shown to be essential for obtaining full 
IME activity [77, 85, 86, 136, 162].  Many studies have shown that preventing intron 
splicing can significantly reduce IME activity [9, 86, 89].  The 25- to 44-fold 
expression enhancement from the maize Shrunken (Sh1) intron compared to the 
intron-less control was reduced to two-fold when splicing was prevented by mutation 
of 5’ and 3’ splice sites [86].  Mutations that prevented splicing of the rice β-tubulin 
(OsTub6) intron abolished the 10-fold enhancing activity of this intron to levels 
similar to the intron-less control [114].  In this study, we determined whether the 
various maize introns were being spliced appropriately to better understand if the 
lack of enhancing activity displayed by some introns might be caused by poor 
splicing.  RT-PCR analysis identified a single product of the size expected for 
correctly spliced transcripts (Figure 5-3), with no detectable products for unspliced 
Chapter 5: Screening for Novel Enhancing Introns and the Investigation of General Intron Features 
that can be used to Predict Enhancing Introns 
117 
 
or misspliced transcripts.  These results suggest that poor splicing was not likely 
responsible for the lack of enhancing activity displayed by the maize introns 
iZm012294, iZm020302, iZm043026, iZm062989, iZm054585, iZm055989 and 
iZm067385.  Instead, the non-enhancing maize introns may lack specific sequences 
necessary for IME. 
Identification of novel enhancing maize introns  
Enhancing introns will be more valuable for genetic engineering if they are 
capable of increasing gene expression from a variety of different promoters.  The 
enhancing ability of the Adh1-S first intron was demonstrated using the native gene 
as well as the heterologous CaMV35S promoter [65].  Vasil et al. [113] initially 
identified the enhancing ability of the first intron of the maize Shrunken-1 (Sh1) gene 
by observing a significant reduction in Sh1 gene expression upon its removal.  The 
enhancing ability of this intron was subsequently demonstrated using the CaMV35S 
promoter [113].  It appears that enhancing introns may often be capable of increasing 
gene expression from different promoters [8], however the actual level of IME can 
vary between promoters [6, 38].  Results shown in Figure 5-4 suggest that IME was 
more prominent with the SHDIR16 (relatively weak promoter) compared to 
ZMPEPC (a relatively strong promoter). However IME levels of each intron relative 
to others and the intron-less control were highly correlated (Figure 5-5) for both 
promoters (i.e. strong enhancing introns with SHDIR16 also possessed strong 
enhancing activity with ZMPEPC).  This finding indicates that the relative enhancing 
activities of these introns was not promoter dependent.  
For plant biotechnology applications, promoters have typically been sourced 
from highly expressed genes, and some of these promoters are known to include a 5’ 
UTR first intron [38, 67].  For example, most of the commonly used monocot-
derived promoters such as Zm-Ubi1 [36], maize Adh1 [65], maize Sh1 [69], rice 
actin-1 [143] and maize Zm-PepC [38] include the 5’ UTR first intron [38, 67].  
Because many of the known enhancing introns were discovered when they were 
removed from their strong promoters [38, 67], many of the enhancing introns 
reported to date are first introns from highly expressed genes.  Deletion of the 5’ 
UTR intron of the Zm-Ubi1 promoter reduced promoter activity 100-fold in a 
transient assay in banana cells [67], and completely inactivated this promoter in 
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maize cells in vitro [79].  Similarly, the first introns from the maize Adh1 and Sh1 
genes were also shown to be required for optimum promoter activity [65, 113].  
Kinkema et al. [38] suggested that the high level of transgene expression shown for 
the Zm-Ubi1 and Zm-PepC promoters tested in transgenic sugar cane plants may be 
due, at least in part, to the presence of the native first introns within the 5’ UTR.  Our 
data support the theory that introns from abundantly expressed genes were more 
likely to enhance gene expression than introns from genes with lower levels of 
expression. 
Conclusion 
We did not identify any correlation between intron enhancing activity and 
intron length, minimal free energy, IMEter scores or the ARR1 motifs previously 
suggested to potentially play a role in IME.  However, introns isolated from 
abundantly expressed genes appear more likely to possess gene expression enhancing 
activity compared to introns from low expressed genes.  Thus, screening introns from 
highly expressed genes may improve the chances of identifying introns with IME 
activity.  Characterisation of a much larger set of introns will help determine whether 
or not there is indeed a correlation between IME and expression of the native gene 
from which the intron originates.  From this investigation, we also identified six 
novel maize introns capable of increasing GUS accumulation in a transient sugar 
cane assay.  The enhancing activity of three of these introns was similar to the IME 
activity displayed by the strong enhancing intron iOsUbi2.  Therefore, these novel 
maize introns may serve as useful tools for improving transgene expression in sugar 
cane.   
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Chapter 6: Characterisation of IME from the 
OsUbi2 intron in transgenic sugar 
cane 
 INTRODUCTION 6.1
Biotechnology holds great potential for the diversification and sustainability of 
the sugar cane industry.  The application of biotechnology in sugar cane will benefit 
from technologies capable of increasing transgene expression.  The success of 
biotechnology applications requires high levels of transgene expression, however, 
many of the promoters previously evaluated in sugar cane have been found to drive 
only low to moderate levels of gene expression [11], are susceptible to gene silencing 
in mature plants [34, 35, 128], or have highly variable transgene expression [12].   
The maize polyubiquitin-1 promoter (Zm-Ubi1) [36, 37] has been the 
industry’s benchmark promoter [12, 38], but is not appropriate for tissue-specific 
applications.  The rice polyubiquitin-2 (RUBQ2) promoter increased GUS expression 
in transgenic sugar cane 1.6-fold compared to expression from the Zm-Ubi1 
promoter [40], and therefore this promoter may hold potential for sugar cane 
biotechnology.  Some viral promoters were also reported to drive transgene 
expression in sugar cane including the banana streak badnavirus (BSV) [39, 41], the 
sugar cane bacilliform viral promoter (SCBV) [42] and the cauliflower mosaic virus 
35S promoter [9, 41].  Recently, the Cestrum yellow leaf curling virus promoter 
combined with the maize polyubiquitin-1 first intron was reported to be one of the 
strongest constitutive promoters for transgene expression in sugar cane [38].   
The development of tissue-specific and inducible promoters is important, 
especially when the constitutive expression of a transgene is detrimental to plant 
growth and development.  Kinkema et al [45] reported an alc gene switch expression 
system with great potential to control transgene expression in sugar cane using 
ethanol treatment.  Recently, the promoter from the maize phosphoenolpyruvate 
carboxylase (Zm-PepC) gene was reported to drive high levels of transgene 
expression specifically in the leaves of transgenic sugar cane at levels similar to or 
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higher than the Zm-Ubi1 promoter [19, 38].  The leaf preferred promoter from the 
maize chlorophyll A/B-binding protein (cab-m5) gene drove high levels of PHB in 
transgenic sugar cane (up to 4.8% of leaf dry weight) [16].  The promoters for the 
sugar cane dirigent (SHDIR16) and o-methyltransferase (SHOMT) genes drove high 
levels of GUS expression in the vascular tissues of the sugar cane stem [46].  Other 
promoters have also been shown to drive stem-preferred transgene expression in 
sugar cane, including the promoters from the sugar cane loading stem genes (ScLSG) 
[47], sugar cane CBL-interacting protein kinase (ScCIPK) gene [48] and sugar cane 
R1MYB1 (ScR1MYB1) gene [48].  However, the ScR1MYB1 was found to be 
susceptible to silencing in stem of mature transgenic plants [48].  The two sugar cane 
polyubiquitin promoters (ubi4 and ubi9) drove high levels of transgene expression in 
sugar cane callus, but were also prone to gene silencing in transgenic plants [50].  
Transgene silencing in sugar cane has also been reported by Birch et al [33] for the 
rice actin, sugar cane rsp and artificial Emu promoters.  It has been suggested that 
this tendency of sugar cane to silence transgene expression is due to the polyploid 
nature of its genome [12, 34]. 
Several molecular tools have been identified that improve transgene expression 
from different promoters in sugar cane.  The use of transgene design involving 
removal of rare codons, removal of RNA instability sequences, blocking putative 
endogenous sRNA binding sites and randomisation of non-rare codons were tested 
independently or in combination for their ability to improve transgene expression.  
Expression analysis in sugar cane callus showed that removal of RNA instability 
sequences greatly reduced transcript degradation, leading to increased and sustained 
gene expression in transgenic sugar cane calli [98].  Expression in transgenic plants 
was not reported.  Gao et al. [99] enhanced transient and stable transgene expression 
in sugar cane by co-expressing  plant viral RNA silencing suppressors.  The use of a 
linear minimal gene cassette (MGC) with two terminators (35ST and tNos) was 
shown to enhance expression of the enhanced yellow fluorescent protein (EYFP) 
reporter gene 13-fold and 16-fold over levels achieved using the single 35S 
terminator and nopaline synthase terminator (tNnos), respectively [100].  Codon 
optimisation of the GUS gene for expression in sugar cane, combined with the use of 
a dual transcriptional enhancer upstream of the promoters (Zm-Ubi1, CMP-Zm-iUbi1 
and Zm-PepC), was able to increase gene expression 8.3-fold, 1.6-fold and 6.0-fold, 
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respectively in leaves of transgenic sugar cane [38].  Use of the dual transcriptional 
enhancer, however, was shown to alter tissue-specific expression so this sequence 
would not be suitable when tissue-preferred gene expression is required.  
Another potential method to further enhance gene expression from current 
promoters is by the use of intron-mediated enhancement (IME).  The high levels of 
transgene expression from several intron-containing promoters (Zm-Ubi1, CMP-Zm-
iUbi1 and Zm-PepC) in transgenic sugar cane plants  [38] suggested a possible role 
for introns in delivering strong, stable transgene expression in this crop [38].  
However, the potential for introns to improve transgene expression in sugar cane has 
not been specifically examined to date.  IME refers to the ability of some intron 
sequences to enhance the expression of genes with which they are associated.  The 
mechanism behind IME is unknown, but appears to affect gene expression at various 
levels of the gene expression process.  A study by Christie et al [25] has shown that 
correct intron splicing of some introns can suppress post-transcriptional gene 
silencing (PTGS) by approximately 4-fold.  This observation is particularly 
encouraging because numerous studies have suggested that transgene expression in 
sugar cane may be limited by PTGS [8-10].  
In earlier chapters, a transient assay was used to demonstrate that the rice 
polyubiquitin-2 intron (iOsUbi2) was capable of boosting GUS expression via intron-
mediated enhancement (IME) from several promoters (up to 15-fold from the stem-
preferred SHDIR16 promoter; Chapter 3 and Chapter 4).  Using the transient assay, 
deletion analyses for OsUbi2 revealed that sequences involved in IME were likely 
redundant and dispersed, but more abundant in the 5’ region of the intron (Chapter 
4).  From the deletion analyses, three iOsUbi2 deletions (iOsUbi2A, iOsUbi2AB and 
iOsUbi2AD) containing a specific 225 bp region (region A) at the 5’ end of the 962 
bp OsUbi2 intron had expression levels statistically similar to the full intron when 
evaluated with either the SHDIR16 or ZMPEPC promoter.   
A number of studies on IME in monocots have been done using transient 
assays [8].  Morello et al [131] used transient assays to demonstrate the utility of 
IME in rice callus from the leader intron of the Ostub16 rice β-tubulin gene.  IME 
from the maize Adh1 intron 2 and intron 6 was demonstrated with the CaMV35S 
promoter where these introns were shown to enhance transient expression in maize 
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protoplasts 12- and 20-fold, respectively compared to the intron-less controls [9].  
The maize Sh1 first intron was shown by transient expression of CAT to be essential 
for full expression from the maize Sh1 promoter [70].  The limited use of stable 
transgenic plants for the assessment of IME is due in part to the difficulty in 
generating stably transformed plants in many monocots [163].  In addition, 
transgenic plant studies are much more expensive, laborious and time consuming 
than transient expression assays.   It takes approximately four months to transform 
and regenerate transgenic sugar cane, and approximately six to nine months to obtain 
mature plants.  Furthermore, a single researcher would only be capable of 
transforming approximately five constructs into sugar cane at any one time 
(assuming a target of about 20 transgenic plants/construct) due to the substantial 
amount of tissue culture required.  Transient assays on the other hand can be carried 
out relatively simply and efficiently in a variety of monocots, with the potential to 
screen many more constructs than would be possible using transgenic plants.  While 
transient assays are a useful approach to quickly screen expression vectors in vitro, 
the stable integration of the transgene in the host genome and subsequent analysis in 
vivo will provide more information on transgene performance and stability.  
To further our investigation of IME in sugar cane, we asked the question of 
whether the IME demonstrated in the transient assays also applied in transgenic 
sugar cane plants.  To assess the potential for introns to improve transgene 
expression in transgenic plants, iOsUbi2 and selected iOsUbi2 deletions were 
characterised for their enhancing activity in transgenic sugar cane.  
Therefore the main objectives of this chapter were: 
 Determine the potential of IME to enhance gene expression in 
transgenic sugar cane plants 
 Determine if there is a correlation between gene expression in the 
transient sugar cane leaf assay and transgenic sugar cane plants 
 Investigate whether the iOsUbi2 alters the tissue specificity of 
promoters in sugar cane 
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  METHODS AND MATERIALS 6.2
6.2.1 Plasmid vectors for stable transformation 
6.2.1.1 pSHDIR16 expression vectors 
The pSHDIR16 vectors (Table 6-1) used for this aspect of the study were 
previously generated as described in Section 3.2.3.  These expression vectors had 
been tested for transient GUS expression as described in Section 3.3.2, and were now 
used for stable transformation of sugar cane.  The vector pZm-Ubi1 (V17) was 
supplied by Brett Williams (ARC project post-doctoral researcher) and was used as a 
positive control. 
 
Table 6-1 List of pSHDIR16 and control constructs. 
Construct 
ID 
Construct name Reporter 
gene 
Size 
(bp) 
V36 pSHDIR16 (-ve control) scoGUS 7706 
V37 pSHDIR16-iOsUbi2 scoGUS 8770 
V17 pZm-Ubi1 (+ve control) scoGUS 7096 
 
As shown in Section 3.2.3, Figure 3-1, the scoGUS gene in these constructs 
was engineered to include the 5’ leader sequence of the Tobacco Mosaic Virus 
Omega sequence (also known as the TMVΩ translational enhancer), an alternative 
Kozak sequence (gcggccgcc) and a codon-optimised version of GUS synthesised by 
Geneart (Life Technology, Aust).  The pBluescript II SK(-) (Stratagene) phagemid 
was used as the vector backbone. 
6.2.1.1 Vectors to analyse iOsUbi2 deletions 
From the transient analysis of the rice polyubiquitin-2 full intron (iOsUbi2) and 
its various deletions described in Section 4.3.1 (Figure 4-5), two intron deletions 
were identified that had comparable levels of expression to that of the full OsUbi2 
intron.  These introns were deletions iOsUbi2A and iOsUbi2AB.  The iOsUbi2D was 
found to exhibit low levels of IME.  These three intron deletions were selected for 
further characterisation in transgenic sugar cane plants as they represent a wide range 
of expression levels from the iOsUbi2 deletion analysis.  To examine the expression 
enhancement profiles of the selected introns in transgenic sugar cane plants, the 
introns were cloned in an expression vector possessing the intron-less maize 
polyubiquitin-1 (ZMUBI1) promoter driving scoGUS (in the pBluescript II SK(-) 
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(Stratagene).  The iOsUbi2 intron deletions were initially assessed in transient assays 
using the stem-preferred SHDIR16 promoter, but due to research time constraints the 
selected introns for characterisation in transgenic plants were combined with the 
constitutive ZMUBI1 promoter to allow early analysis in leaf.  The list of constructs 
generated for this section of the research is shown below in Table 6-2. 
 
Table 6-2 List of iOsUbi2 deletion expression constructs with pZMUBI1. 
Vector ID Expression vectors Transient expression levels 
V51 
pZMUBI1-intron-less 
-ve control 
V52 
pZMUBI1-iOsUbi2 
High expressor (+ve control) 
V116 
pZMUBI1-iOsUbi2A 
High expressor 
V108 
pZMUBI1-iOsUbi2AB 
High expressor 
V115 
pZMUBI1-iOsUbi2D 
Low expressor 
 
The cloning of this set of constructs was in accordance with the layout shown 
in Figure 6-1 which lacks the TMVΩ sequence but contains flanking sequences at 
both the 5’ and 3’ ends of the intron to facilitate correct intron splicing (based on 
NetGene2 splicing prediction software).  Initially, the backbone vector pZMUBI1-
iZm067385 (V50), which lacks the TMVΩ, was constructed to introduce the Geneart 
synthesised sequence iZm067385 (a 607 bp maize intron).  The Geneart generated 
iZm067385 was flanked at the 5’ end with a BglII restriction site, a synthetic flanking 
sequence (40 bp, exon 1 of Zm-Ubi1 5’ UTR) and a PstI restriction site.  At the 3’ 
end, iZm067385 was flanked by a synthetic flanking sequence (7 bp) and a NotI 
restriction site (refer to Section 4.2.2.3).  The entire sequence was cloned in the 
backbone vector using BglII and NotI restriction sites.  The maize intron 
(iZm036785) was subsequently removed by PstI and NotI restriction digests for 
cloning of the OsUbi2 intron and its deletions into the same sites 
The OsUbi2 intron deletions iOsUbi2A, iOsUbi2AB and iOsUbi2D, as well as 
the full OsUbi2 intron, were removed from the pGEM®-T Easy vector by restriction 
digests with PstI and NotI prior to cloning into the backbone vector opened with the 
same restriction enzymes to generate the final expression constructs (Table 6-2).  To 
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generate the intron-less control (pZMUBI1-intron-less (V51)), the linearised 
backbone vector was blunt ended (Section 2.2.5) and self-ligated.  A 3μL sample of 
the ligation reaction was used to transform 100 μL of competent cells of E. coli strain 
XLI Blue by the heat shock method (Section 2.2.8).  Transformed cells were selected 
on LB agar containing 100 ug/mL ampicillin for 16 hours in a 37
o
C incubator.  The 
insert borders were subsequently sequence verified as described in Section 2.2.13. 
. 
 
Figure 6-1 Schematic of the pZMUBI1-iOsUbi2 intron expression vectors. 
General structure of the expression vector showing the synthetic sequences flanking the introns, and 
the PstI (5’ end) and NotI (3’ end) sites for intron cloning. pZMUBI1, maize polyubiquitin-1 promoter 
without native 5’ UTR intron; scoGUS, sugar cane optimised β-glucuronidase reporter gene; tNos, 
Nopaline synthase terminator.  
 
6.2.2 Stable transformation 
To stably transform sugar cane callus, Agrobacterium mediated transformation 
was initially considered.  However, due to research time constraints and difficulties 
encountered making the binary vectors, a decision was made to utilise 
microprojectile bombardment.   
A particle inflow gene gun (PIG) [104] was used for the microprojectile 
bombardment of sugar cane callus based on the protocol by Bower et al. [105].  In 
preparation for transformation, the sugar cane (cultivar KQ228) callus obtained from 
cultures five days after the last transfer to fresh EM3 media (Section 2.5.1.1) was 
subcultured on osmotic media containing MS plus vitamins supplemented with 40 
g/L sorbitol and 40 g/L mannitol dispensed into 90 mm x 14 mm Petri dishes.  Calli 
were arranged in a three cm diameter circle in the centre of the osmotic media and 
incubated in the dark at 27
o
C for four hours prior to bombardment.  The experimental 
expression vector was co-transformed with the selection plasmid pUKN (containing 
the neomycin phosphotransferase II (nptII) gene under the control of the ZMUBI1 
promoter)[170, 171], which confers geneticin resistance and allows for the selection 
Chapter 6: Characterisation of IME from the OsUbi2 intron in transgenic sugar cane 
126 
 
of transformed plant cells.  A 1 µg sample of each of the experimental DNA vectors 
together with 1 μg of the pUKN plasmid was used to coat 3 mg of 1 micron gold 
particles.  The DNA-coated gold particles were delivered to the calli using a 10 
millisecond pulse of helium at a pressure of 1500 psi (10335 kPa) from a distance of 
10 cm in a vacuum of -90 kPa.  Each plate of calli was bombarded twice with the 
plate turned 180 degrees before the second shot.  After bombardment the callus was 
incubated in the dark at 27
o
C for four hours prior to the separation and transfer of 
discrete calli clumps to fresh EM3 medium for growth under the same conditions. 
6.2.3 Selection of transgenic plants 
After four days of transformed calli growth on EM3 medium in the dark at 
27
o
C, calli clumps were transferred to EM3 medium supplemented with 50 mg/L 
Geneticin® (Life Technologies) under the same conditions.  Calli clumps remained 
on the EM3 + 50 mg/L Geneticin® medium for four weeks before transfer to MS 
medium supplemented with 2 mg/L BAP and 50 mg/L Geneticin® for another 4 
weeks with a day length of 16 hours at 27
o
C.  Following selection in the light, an 
individual plant from each discrete calli clump was transfered to a rooting media of 
MS supplemented with 50 mg/L Geneticin® for a minimum time of two weeks 
before young sugar cane plantlets were transferred to soil under glass house 
conditions.  Regular two week subculturing of calli clumps were made throughout 
the selection process. 
6.2.4 Glass house management and plant sampling 
Putative transgenic sugar cane plantlets from tissue culture were potted in 
standard potting mix in seedling trays after thorough removal of tissue culture 
nutrient medium.  Plantlets were sufficiently watered and loosely covered with 
transparent plastic seedling tray lids.  Plantlets were incubated under 16 hours of 
daylength at approximately 28
o
C, and were slowly acclimatised by gradual aeration 
through opening of air vents on the plastic lids.  Plantlets were regularly watered and 
fertilised once a month. 
Stem and leaf samples were harvested from sugar cane plants harbouring the 
constructs driven by the SHDIR16 promoter, once they possessed 10-12 internodes.  
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Due to variations in the growth rates of the individual T0,V0
1
 plants coming from 
tissue culture, some plants reached a size of 10-12 internodes at 9 months while 
others took 12 months to reach the same size and were therefore sampled at different 
times.  T0,V1
2
 plants were not sampled because their growth had to be terminated 
before sufficient growth was reached to allow stem sampling,  The small amount of 
stem from T0,V1 plants was used for establishing the T0,V2 plants.  All plants for 
the T0,V2
3
 generation were sampled at 13 months when all plants attained 10 or 
more internodes.  Leaf samples were taken from the first unfurled leaf from all 
transgenic plants.   
For iOsUbi2 deletions constructs driven by ZMUBI1 promoter, leaf samples 
from transgenic plants were taken from the first unfurled leaf for ELISA at 6 weeks 
and again at 8 months. 
6.2.5 Enzyme-linked immunosorbent assay (ELISA) and secondary Taqman 
copy number assay 
GUS analyses for transgenic plants containing constructs with the ZMUBI1 
promoter were performed by Syngenta using GUS-qELISA.  Analyses of GUS 
expression from constructs driven by the SHDIR16 promoter were carried out using 
the fluorimetric MUG assay.  Intellectual property rights on the SHDIR16 promoter 
prevented analysis of the SHDIR16 constructs by Syngenta. 
Transgenic sugar cane leaf and stem samples were processed as described in 
Section 2.3.1.  Stem samples were cut into pieces, placed into 50 ml polypropylene 
tubes and put on dry ice prior to storing at –80°C.  Frozen stem tissue was ground to 
a powder using an IKA mill, and freeze dried for 48 h (Section 2.3.1) prior to placing 
40 mg into duplicate tubes of a 96 tube assay block/rack.  The sample block was 
store at –80°C for at least one hour before freeze-drying for 24  h .  
Leaf samples were taken from the first unfurled leaf of mature sugar cane 
plants.  The midrib was removed and two leaf samples (12 mm x 24 mm of leaf 
blade per sample obtained with the same size paper/fabric hole-puncher) were 
collected from each transgenic plant.  The duplicate samples were loaded separately 
                                                          
1
 T0,V0 Primary transgenic event 
2
 T0,V1 Primary transgenic event, first vegetative generation 
3
 T0,V2 Primary transgenic event, second vegetative generation 
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into a 96 well, 2 mL deep polypropylene assay block for Taqman and GUS-qELISA 
anaysis.   
Both leaf and stem samples were analysed for GUS expression using ELISA as 
previously described [19].  Leaf and stem sample blocks were sent to Syngenta 
Biotechnology Incorporated, North Carolina, USA, for GUS-qELISA [19] and 
Taqman copy number assays [172]. 
6.2.6 5’ Rapid amplification of cDNA ends (5’ RACE) 
For RNA analysis, transgenic sugar cane leaf and stalk samples were processed 
as described in Section 2.3.1.  RNA was isolated with TRIzol® Reagent (Life 
Technologies) as described in Section 2.3.3.  The 5’ RACE ready cDNA was 
generated using the SMARTer™ RACE cDNA amplification kit (Clonetech, USA) 
with some modifications.  A 5’ RACE PCR reaction of 50 µL was set up using 25 
µL of 2X GoTaq® Green Master Mix (Promega), 5 µL of universal primer mix 
(UPM), 20 pmol of the scoGUS gene specific reverse primer (190312-1Rvs-5’ 
RACE: GGGCCACGTG GGTCACCACG GTGATG) and type I Milli-Q water 
(Millipore).  The specific reverse primer SHDIR16cDNA-Rvs3 (CCCGCCATTG 
GTTTGGCCGA CAACCTTG) was used for 5’ RACE of the endogenous dirigent 
gene as a positive control.  All PCRs were initially denatured at 95°C for 2 min prior 
to 30 cycles of 95°C for 30 s, an appropriate annealing temperature for 30 s and an 
extension temperature of 72°C for 1 min per kb of expected product.  A final 
extension step of 72°C for 5 min was usually included. 
 RESULTS 6.3
6.3.1 Characterisation of IME from the OsUbi2 intron in transgenic sugar cane 
Microprojectile-mediated transformation of sugar cane resulted in the 
production of 18 transgenic plants confirmed by Taqman to contain the SHDIR16-
scoGUS transgene, and 19 transgenic plants confirmed by Taqman to contain the 
SHDIR16-iOsUbi2-scoGUS transgene.  These plants were assumed to represent 
independent transgenic events because only a single plant was selected from an 
individual clump of callus.  All transgenic events were determined to have greater 
than two copies of the transgene.   
Chapter 6: Characterisation of IME from the OsUbi2 intron in transgenic sugar cane 
129 
 
To characterise intron-mediated enhancement from the iOsUbi2 in stable 
transgenic sugar cane, GUS accumulation was initially assessed in the stem of 
transgenic plants when they reached a size of approximately 10-12 internodes (9-12 
months post-transfer to soil).  GUS histochemical staining was detected in the stem 
of only 2 of 18 (11%) SHDIR16-scoGUS plants, but was present in 6 of 19 (32%) 
SHDIR16-iOsUbi2-scoGUS plants (Table 6-3 and Figure 6-2).  For both constructs, 
expression could generally be visualised throughout the various cells within the stem 
(Figure 6-2), and did not appear to localise specifically to the nodes or vascular 
bundles as previously described for the SHDIR16 promoter [46].   
Results from the quantitative analysis of GUS expression in the leaf and stem 
of T0,V0 transgenic plants showed that the SHDIR16-scoGUS and SHDIR16-
iOsUbi2-scoGUS transgenic plants had similar levels of relative expression in the 
leaf (Figure 6-3) while expression in the stem was significantly higher (7.1-fold) for 
SHDIR16-iOsUbi2-scoGUS plants (Figure 6-3).  The two SHDIR16-scoGUS plants 
having detectable GUS expression did not exhibit the stem-preferred expression 
expected from the SHDIR16 promoter as the levels of expression were similar in 
both the leaf and stem (Figure 6-3).  However, the inclusion of the OsUbi2 intron 
significantly increased GUS accumulation in the stem (4.7-fold) compared to the 
leaves, indicating that the intron was capable of restoring stem-preferred expression 
from the SHDIR16 promoter (Figure 6-3).  For the SHDIR16-iOsiUbi2-scoGUS 
transgenic plants showing detectable GUS expression, all six plants exhibited higher 
expression in the stem relative to the leaf (Figure 6-3).  Overall, expression levels 
from the SHDIR16 promoter with or without the iOsUbi2 were significantly lower 
compared to the positive control Zm-Ubi1-scoGUS. 
The observation that the SHDIR16 promoter alone did not drive strong, stem-
preferred expression of GUS in our transgenic plants prompted us to confirm that the 
endogenous dirigent promoter was active in the specific mature stem tissues that 
were analysed.  RT-PCR of the stem samples confirmed that the endogenous dirigent 
gene was abundantly expressed in the sampled tissues based on a semi-quantitative 
comparison with expression from the GAPDH housekeeping gene (data not shown).   
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Table 6-3 GUS histochemical staining in the stem (internodes 8 and 9) of transgenic plants 
possessing the SHDIR16 promoter alone or in combination with the OsUbi2 intron. 
 
9 months 12 months 9-12 months 
Constructs 
Number of 
plants 
analysed 
Number of 
plants with 
detectable 
staining 
Number of 
plants 
analysed 
Number of 
plants with 
detectable 
staining 
Total number of 
plants analysed 
SHDIR16-scoGUS 10 1 (10%) 8 1 (13%) 2/18 (11%) 
SHDIR16-iOsUbi2-scoGUS 10 3 (30%) 9 3 (33%) 6/19 (32%) 
 
 
 
Figure 6-2 Histochemical staining for GUS activity in 9-12 month old T0,V0 pSHDIR16-scoGUS 
and pSHDIR16-iOsUbi2-scoGUS transgenic plants. 
The ZMUBI1 promoter with its native intron (Zm-Ubi1-scoGUS) was used as a positive control. WT, 
wild type control.  Stem sample were taken from the 8
th
 and 9
th
 internode Photographs show 
longitudinal nodal sections and transverse intermodal sections of mature sugar cane stem.. 
 
A281 A283 
A244 A240 A245 A248 A234 
WT 
A243 
pSHDIR16-scoGUS 
pSHDIR16-iOsUbi2-scoGUS 
pZm-Ubi1-scoGUS 
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Figure 6-3 Quantitative analysis of GUS expression in mature T0,V0 transgenic sugar cane leaf 
and stem driven by pSHDIR16 with and without the iOsUbi2 intron. 
GUS expression was determined using the fluorimetric MUG assay.  Shown are the mean ±SEM, and 
n indicates the number of independent transgenic events that possessed detectable GUS expression for 
each construct. Stem samples were taken from the 8
th
 and 9
th
 internodes after 9-12 months of growth, 
and leaf samples were taken from the first fully unfurled leaf at the same time.  The values are 
expressed relative to the positive control construct containing the ZMUBI1 promoter with its native 
intron, which was arbitrarily given a value of 1.0. The 7.1-fold increase in GUS activity in the stem of 
pSHDIR16-iOsUbi2 plants is relative to the intron-less control.  The 4.7-fold increase in in GUS 
activity in stem from the pSHDIR16-iOsUbi2 is relative to expression in leaf from the same construct.  
Data with different letters are significantly different (P<0.05, Student’s t-test).  
 
6.3.2 GUS transgene expression stability 
To examine the stability of expression from the SHDIR16-scoGUS and 
SHDIR16-iOsUbi2-scoGUS transgenes in the transgenic sugar cane, T0,V2 plants 
were obtained through vegetative propagation of the T0,V0 and T0,V1 generations.  
Seven of the 18 transgenic plants harbouring the SHDIR16-scoGUS, and 10 of the 19 
transgenic plants harbouring the SHDIR16-iOsUbi2-scoGUS were selected for 
vegetative propagation.  The selected transgenic plants included all of the plants that 
previously showed detectable GUS accumulation by histochemical staining (Figure 
6-2).  Histochemical staining of the mature stem region of 13 month old T0,V2 
ɑ 
n=2 
γ 
n=2 
ɑ 
n=2 
ɑ 
1-fold 
n=6 ɑ 
n=2 
γ 
n=2 
ɑ 
1-fold 
n=2 
β 
7.1-fold 
4.7-fold 
n=6 
0
0.2
0.4
0.6
0.8
1
1.2
R
e
la
ti
v
e
 G
U
S
 e
x
p
r
e
ss
io
n
 
Leaf Stem
Chapter 6: Characterisation of IME from the OsUbi2 intron in transgenic sugar cane 
132 
 
transgenic plants detected GUS activity in the same plants that stained positive in the 
primary transgenics (Figure 6-2).  In addition, the pattern of expression was similar 
to that of the T0,V0 generation in that GUS staining was generally detected 
throughout the various cells within the stem, and did not show any clear cellular 
specificity (Figure 6-4). 
Similar to what was observed in T0,V0 plants, results from the quantitative 
analysis of GUS expression in the leaf and stem of T0,V2 transgenic plants showed 
that the SHDIR16-scoGUS and SHDIR16-iOsUbi2-scoGUS transgenes gave similar 
levels of GUS accumulation in the leaf (Figure 6-5), while the levels of GUS in the 
stem were significantly higher (26.8-fold) for SHDIR16-iOsUbi2-scoGUS plants 
(Figure 6-5).  Also similar to what was observed in the T0,V0 plants, the T0,V2 
showed that the two SHDIR16-scoGUS plants with detectable GUS expression did 
not exhibit the stem-preferred expression expected from the SHDIR16 promoter 
(Figure 6-5).  For the SHDIR16-iOsiUbi2-scoGUS transgenic plants having 
detectable GUS expression, all five surviving plants exhibited significantly higher 
expression in the stem relative to the leaf (Figure 6-5).   
Scatter plots (Figure 6-6) that compared the T0,V0 and T0,V2 levels of 
expression for pSHDIR16-scoGUS, pSHDIR16-iOsUbi2-scoGUS, and pZm-Ubi1-
scoGUS demonstrated a strong correlation in expression from one generation to the 
next for both leaf (r
2 
= 0.99) and stem (r
2 
= 0.99).  
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Figure 6-4 Histochemical staining for GUS activity in mature T0,V2 pSHDIR16-scoGUS and 
pSHDIR16-iOsUbi2-scoGUS transgenic plants. 
The ZMUBI1 promoter with its native intron (Zm-Ubi1-scoGUS) was used as a positive control. WT, 
wild type control.  Stem samples were taken from the 8
th
 and 9
th
 internodes of plants at 13 months of 
age. Photographs show longitudinal nodal sections and transverse intermodal sections of mature sugar 
cane stem. 
 
A281 A283 
A244 A240 A245 A248 A234 
WT 
 
Plant lost 
during 
T0,V2 
A243 
pSHDIR16-scoGUS 
pSHDIR16-iOsUbi2-scoGUS 
pZm-Ubi1-scoGUS 
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Figure 6-5 Quantitative analysis of GUS expression in mature T0,V2 transgenic sugar cane leaf 
and stem driven by pSHDIR16 with and without the iOsUbi2 intron. 
GUS expression was determined using the fluorimetric MUG assay.  Shown are the mean ±SEM, and 
n indicates the number of independent transgenic events that survived and possessed detectable GUS 
activity for each construct. Samples were taken from the 8
th
 and 9
th
 internodes after 13 months of 
growth.  The values are expressed relative to the positive control construct containing the ZMUBI1 
promoter with its native intron, which was arbitrarily given a value of 1.0. The 26.8-fold increase in 
GUS activity in stem from the pSHDIR16-iOsUbi2 is relative to the stem expression for the intron-
less control.  The 26-fold increase in in GUS activity in stem from the pSHDIR16-iOsUbi2 is relative 
to expression in leaf from the same construct.  Data with different letters are significantly different 
(P<0.05, Student’s t-test). 
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Figure 6-6 Scatter plot showing the correlation between GUS activity of three different 
constructs in T0,V0 and T0,V2 from (A) stem and (B) leaf of transgenic sugar cane plants. 
Data presented as quantitative GUS expression from a MUG assay 
 
While there was a strong correlation of GUS activity for the pSHDIR16-
scoGUS, pSHDIR16-iOsUbi2-scoGUS, and pZm-Ubi1-scoGUS constructs in both the 
leaf and stem of the T0,V0 and T0,V2 generations, there was an observable overall 
reduction in absolute GUS expression in T0,V2 plants compared to the T0,V0 plants 
(Figure 6-7 C).  The analysis of variance showed a significant reduction of 
expression levels in stem and leaf of T0,V2 plants with all constructs with the 
exception of pSHDIR16-iOsUbi2-scoGUS in stem (Figure 6-7 A and B).  This 
observation suggested that, in addition to restoring the stem preferred nature of the 
SHDIR16 promoter, iOsUbi2 also improved transgene expression stability over two 
vegetative generations (Figure 6-7).  Tissue samples taken from the T0,V2 plants 
were from the same relative position on the plant (i.e. stem internodes 8 and  9, and 
the first fully unfurled leaf) as for the T0,V0 generation, however the T0,V2 plants 
were approximately 1-4 months older. 
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C. STEM 
(4-MU (nmole/min./mg of soluble protein) 
LEAF 
(4-MU (nmole/min./mg of soluble protein) 
Constructs T0,V0 
9-12 months 
T0,V2 
13 months 
∆ GUS 
expression 
T0,V0 9-12 
months 
T0,V2 13 
months 
∆ GUS 
expression 
WT 0.01     n=2 0.09     n=2   0.03     n=2 0.02     n=2   
pZm-Ubi1 198.37     n=2 138.49     n=2 ↓ 30% 108.28  n=2 62.15    n=2 ↓43% 
pSHDIR16 (intron-less) 5.84     n=2 1.34     n=2 ↓ 77% 5.88     n=2 0.4     n=2 ↓ 93% 
pSHDIR16-iOsUbi2 41.24     n=6 35.94     n=5 ↓ 13% 4.71     n=6 0.61     n=5 ↓ 87% 
Fold increase 7.07 26.79 ↑ 3.8x 0.8 1.52 ↑ 1.9x 
 
Figure 6-7 Quantitative analysis of GUS expression in stem and leaf of mature T0,V0 and T0,V2 
transgenic sugar cane containing pSHDIR16 with and without the iOsUbi2 intron. 
GUS expression in (A) stem and (B) leaf of mature of T0,V0 and T0,V2 transgenic sugar cane 
harbouring the pSHDIR16 with and without the iOsUbi2 intron. (C)  Absolute GUS activity measured 
by levels of 4-MU (nmoles/min./mg of soluble protein) for stem and leaf for each construct in both the 
T0,V0 and T0,V2 generations.  GUS expression was determined using the fluorimetric MUG assay.  
Shown in the graphs are the mean ±SEM, and n indicates the number of independent GUS positive 
transgenic events analysed for each construct. Samples were taken after 9-13 months of growth.  Data 
with different letters are significantly different (P<0.05, Student’s t-test).  
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6.3.3 Identifying the transcriptional start site of transgenes 
Due to the poor performance of the intron-less SHDIR16 promoter in driving 
expression of the scoGUS transgene, we wanted further verification that the stem-
preferred expression detected in the SHDIR16-iOsUbi2-scoGUS transgenic plants 
was being driven by the SHDIR16 promoter.  To do this, we investigated the nature 
of the transcripts in these plants to determine whether the expression observed with 
the intron containing construct was under the control of the promoter sequence 
(SHDIR16) or alternative promoter elements that may be present within the intron 
(iOsUbi2) or possibly elsewhere.  Therefore, 5’ RACE was carried out to determine 
the transcriptional start site for the scoGUS transcript originating from the SHDIR16-
scoGUS and SHDIR16-iOsUbi2-scoGUS transgenes in transgenic plants.  The results 
were compared to the transcriptional start site we identified for the endogenous 
SHDIR16 gene. 
Following 5’ RACE using RNA isolated from stem samples of one randomly 
selected SHDIR16-scoGUS plant and one randomly selected SHDIR16-Os-iUbi2-
scoGUS plant, between 5 and 14 independent clones were sequenced to identify the 
transcriptional start site for the scoGUS transgene in these plants as well as the 
endogenous SHDIR16 gene.  A majority of the sequenced clones for the endogenous 
SHDIR16 transcripts (8 out of 10 clones) indicated that transcription was initiated at  
-46 bp upstream of the SHDIR16 translational start site (Figure 6-8).  Similarly, most 
of the transcripts from the SHDIR16-scoGUS (10 out of 14 sequenced clones) and 
SHDIR16-iOsUbi2-scoGUS (4 out of 5 sequenced clones) transgenes initiated at this 
location (Figure 6-8).  These results confirmed that expression from the transgene 
constructs was being driven by the SHDIR16 promoter.  In addition, the 5’ RACE 
also showed that the OsUbi2 intron was correctly spliced from all of the SHDIR16-
iOsUbi2-scoGUS transcripts (Figure 6-8), which was consistent with this intron 
enhancing expression from the SHDIR16 promoter through IME.   
In addition to these key findings, two additional observations were also made 
from sequence analysis of the 5’ RACE products.  First, two truncated transcripts 
were identified from the SHDIR16-scoGUS transgenic event (Figure 6-8).  The 
detection of two truncated scoGUS transcripts in the SHDIR16-scoGUS plant (Figure 
6-8) could be an indication that post-transcriptional gene silencing (PTGS) was 
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occurring in this transgenic event (and consequently these truncated transcripts may 
represent degradation products caused by PTGS).  The lack of any truncated 
transcripts among the five sequenced clones for the SHDIR16-iOsUbi2-scoGUS 
transgenic event (Figure 6-8) could suggest that the OsUbi2 intron was able to 
reduce PTGS.  To investigate this possibility, a small RNA Northern blot analysis 
was carried out on different SHDIR16-scoGUS and SHDIR16-iOsUbi2-scoGUS 
transgenic events to look for silencing RNAs (siRNAs) that may be targeting the 
scoGUS gene for degradation.  The result of the initial blot was inconclusive such 
that it did not detect any siRNAs in any of the transgenic events (data not shown).  
The additional observation made from the sequenced 5’ RACE products was that the 
TMVΩ omega translational enhancer sequence was efficiently spliced from the 
transcripts (Figure 6-8).  This was unexpected as normally this sequence is retained 
in the transcripts where it will serve to increase translation of the mRNA. 
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    Transcription start site 
sequence (TSS) 
Location (relative to 
start of 5’ UTR) 
Endogenous 
SHDIR16 gene 
SHDIR16-
scoGUS 
SHDIR16-
iOsUbi2-
scoGUS 
5’Cacacaacacaagcaa...3’ -47 bp 1 (10%) 0 0 
5’cAcacaacacaagcaa...3’ -46 bp 8 (80%)  10 (71.4%)  4 (80%) 
5’caCacaacacaagcaa...3’ -45 bp 0 1 (8.3%) 0 
5’cacAcaacacaagcaa...3’ -44 bp 0 1 (8.3%) 1 (20%) 
5’cacacaacacAagcaa...3’ -37 bp 1 (10%) 0 0 
     
# of truncated scoGUS transcripts1 - 0 2 (14%) 0 
# of transcripts with spliced TMVΩ  - N/A 11 (79%) 5 (100%) 
Number of sequenced clones - n=10 n=14 n=5 
 
Figure 6-8 Characterisation of the transcriptional start sites using 5’ RACE. 
Transcripts were analysed from stem samples of a high-expressing SHDIR16-Os-iUbi2-scoGUS 
transgenic event and the best expressing SHDIR16-scoGUS transgenic event.  The endogenous 
SHDIR16 transcriptional start site was assessed using the high-expressing SHDIR16-Os-iUbi2-
scoGUS transgenic event. 
1
Two truncated scoGUS transcripts were identified amongst the sequenced 
5’ RACE products from the SHDIR16-scoGUS plants.  The two truncated transcripts were missing 69 
bp and 546 bp from the 5’ end of scoGUS. 
 
6.3.4 Characterisation of OsUbi2 intron deletions in transgenic sugar cane 
IME investigation of the OsUbi2 intron and its deletions revealed that 
sequences that may be responsible for IME were dispersed throughout the length of 
the intron and possibly more abundant at the 5’ end.  Two of the best enhancing 
intron deletions from this investigation were the iOsUbi2A and iOsUbi2AB, both of 
which possessed sequences from the 5’ end of the intron.  To assess whether these 
intron deletions were able to enhance expression in stably transformed plants, these 
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deletions were used in expression vectors for transformation into sugar cane.  In 
addition, the iOsUbi2D deletion, which displayed lower levels of IME in the 
transient assays, was also selected for evaluation in stably transformed plants.  These 
introns were combined with the maize polyubiquitin-1 promoter lacking its native 
first intron (ZMUBI1), and GUS accumulation was characterised in transgenic plants 
as a measure of gene expression.  
Microprojectile-mediated transformation of sugar cane resulted in the 
production of 10, 8, 16, 16, and 20 confirmed transgenic plants for pZMUBI1-
scoGUS, pZMUBI1-iOsUbi2-scoGUS, pZMUBI1-iOsUbi2A-scoGUS, pZMUBI1-
iOsUbi2AB-scoGUS, and pZMUBI1-iOsUbi2D-scoGUS, respectively.  These plants 
were assumed to represent independent transgenic events because only a single plant 
was selected from an individual clump of callus.  All of these plants were determined 
by Taqman analysis (performed by Syngenta, North Carolina, USA) to possess >2 
copies of the transgene vector.  The OsUbi2 intron and all three of the different 
OsUbi2 intron variants significantly enhanced gene expression from the ZmUbi1 
promoter relative to the intron-less control in the leaves of mature transgenic sugar 
cane (Figure 6-9).  The mean GUS accumulation increased from 2-fold (iOsUbi2A) 
to 5-fold (full iOsUbi2), and the levels of GUS accumulation were statistically 
similar for the full iOsUbi2, iOsUbi2AB, and iOsUbi2D (Figure 6-9).  The finding 
that the different OsUbi2 intron variants were capable of increasing gene expression 
from the ZmUbi1 promoter in transgenic plants was consistent with the data showing 
that these introns enhanced gene expression from both the SHDIR16 and ZMPEPC 
promoters in the transient sugar cane assay (Figure 4-7).  The relative levels of 
expression enhancement from the OsUbi2 intron deletions were not differentiated in 
the transgenic plants as they were in the transient assay, where iOsUbi2D was found 
to drive significantly lower levels of GUS accumulation than either iOsUbi2AB or 
iOsUbi2A (Figure 4-7).  
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Figure 6-9 Quantitative GUS expression in leaf of transgenic sugar cane harbouring the full 
OsUbi2 intron and deletions in combination with the ZMUBI1 promoter. 
GUS expression in leaf of 8 month old transgenic sugar cane from vectors driven by the ZMUBI1 in 
combination with the indicated intron.  Absolute GUS activity measured by levels of 4-MU 
(nmoles/min./mg of soluble protein) for each construct.  GUS expression was determined using a 
GUS ELISA. Shown is the mean ±SEM.  n, indicates the number of independent transgenic events 
that possessed detectable GUS activity for each construct.  Data with different letters are significantly 
different (P<0.05, Student’s t-test). 
 
6.3.5 Semi quantitative splicing assay to assess splicing of the OsUbi2 intron 
deletions   
Intron splicing is important for full IME from an enhancing intron.  To assess 
whether poor intron splicing may be limiting the levels of expression for any of the 
intron deletions, a splicing assay was carried out on two (one low and one high 
expressor) independent transgenic plants for each construct (Table 6-4).  From the 
splicing assay, all the different introns appeared to be spliced correctly (Figure 6-10).  
The intron-less ZMUBI1 construct showed a PCR product of the expected size of 338 
bp (Figure 6-10, lanes 2 and 3) compared to the expected, and slightly larger, PCR 
product for all the OsUbi2 intron deletions (Figure 6-10, lanes 4 to 11).  Overall, the 
splicing assay results suggested that all introns were spliced correctly, and transgenic 
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plants with lower levels of GUS protein expression also had relatively weaker splice 
product bands.   
 
Table 6-4 List of transgenic plants selected for splicing assay. 
Lane Vector 
Plant 
code 
GUS Protein 
ng/mg of total 
soluble protein 
2 pZMUBI1-intron-less A318 127 
3 pZMUBI1-intron-less A327 94 
4 pZMUBI1-iOsUbi2 A332 920 
5 pZMUBI1-iOsUbi2 A333 40 
6 pZMUBI1-iOsUbi2A A430 276 
7 pZMUBI1-iOsUbi2A A341 15 
8 pZMUBI1-iOsUbi2AB A344 206 
9 pZMUBI1-iOsUbi2AB A357 17 
10 pZMUBI1-iOsUbi2D A437 790 
11 pZMUBI1-iOsUbi2D A360 16 
 
 
 
Figure 6-10 RT-PCR analysis of splicing for iOsUbi2 deletion constructs driven by the pZMUBI1 
(no intron) in stable transgenic sugar cane plants. 
Gel electrophoresis (1.5% agarose gel) of RT-PCR products.  RNA used for cDNA synthesis was 
extracted from two transgenic plants for each constructs; one high (H) and one low (L) expressing 
plant. 1) Wild type, 2&3) pZMUBI1-intron-less, 4&5) pZMUBI1-iOsUbi2, 6&7) pZMUBI1-
iOsUbi2A, 8&9) pZMUBI1-iOsUbi2AB, 10&11) pZMUBI1-iOsUbi2D , 12) pSHDIR16-iOsUbi2 
plasmid +ve control, 13) –ve water control. X, DNA molecular weight marker. 
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 DISCUSSION 6.4
In this study, we found that the enhancing OsUbi2 intron was capable of 
stimulating IME in transgenic plants from two different promoters (SHDIR16 and 
ZMUBI1) compared with intron-less controls.  Intron deletions that removed 
substantial portions of iOsUbi2 were also shown to enhance gene expression in 
transgenic sugar cane, albeit at different levels as shown in transient assays.  The 
OsUbi2 intron improved the performance of the stem-preferred SHDIR16 promoter 
in transgenic sugar cane by increasing the percentage of transgenic plants with 
detectable GUS accumulation, and by restoring the stem-preferred expression of the 
promoter.  Furthermore, this intron improved the stability of transgene expression in 
sugar cane stem driven by the SHDIR16 over two vegetative generations of 
transgenic plants.  The OsUbi2 intron was also shown to increase the mean level of 
GUS accumulation from the ZMUBI1 promoter in leaves of transgenic plants by 
five-fold relative to the intron-less control. The data described in this chapter 
demonstrates that introns have the potential to improve gene expression in transgenic 
sugar cane.  This work also helps to validate the use of the transient assay that was 
used as a screening tool for characterising IME in sugar cane. 
Introns enhanced transgene expression via IME and improved the performance 
of a stem-preferred promoter in transgenic sugar cane 
The sugar cane dirigent (SHDIR16) promoter was previously identified from a 
putative defense and fibre biosynthesis-related gene that was shown to be highly 
expressed in the stem of sugar cane [46].  Methods for improving expression from 
promoters like SHDIR16 that preferentially target the stem of this high biomass 
producing plant will be beneficial for genetic engineering of traits such as increased 
and altered sugar content, modified cell walls, and for the expression of high value 
products.  Interestingly, transgenic plants containing the SHDIR16 promoter driving 
GUS did not display high levels of stem-preferred expression as described previously 
for this promoter [46].   
The study by Damaj et al. [46] found that GUS activity levels for SHDIR16-
GUS were significantly higher in sugar cane stem relative to leaf (between 5- to 39-
fold higher).  In the current study, no significant difference in quantitative GUS 
activity was shown between stems and leaves from SHDIR16-scoGUS transgenic 
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plants.  However, the addition of the OsUbi2 intron increased expression in the stem 
almost 27-fold compared to the SHDIR16 promote alone, and restored the stem-
preferred nature of this promoter.  The differences observed from the SHDIR16 
promoter in these two studies may suggest that expression from this promoter is 
dependent on the sugar cane cultivar used for transformation.  Our studies were 
conducted in the commercial Australian cultivar KQ228 while the previous research 
was carried out in cultivar CP72-1210 from the USA.  The low level of expression 
from the SHDIR16 promoter alone in cultivar KQ228 could be due to post-
transcriptional gene silencing (PTGS) as suggested for other promoters in sugar cane 
[50, 173].  Inclusion of the OsUbi2 intron may have improved expression by 
reducing PTGS as reported by Christie et al. [91].  The study in Arabidopsis had 
shown that correct intron splicing of some introns can suppress PTGS by more than 
four-fold, and spliced transcripts were less effective substrates for RNA-dependent 
RNA polymerase 6 mediated gene silencing compared to intron-less transcripts [91].  
Using 5’ RACE we demonstrated that the OsUbi2 intron was correctly spliced from 
the SHDIR16-iOsUbi2-scoGUS transcript (Figure 6-8). 
The findings by Christie et al. [91] were based on the threshold model for the 
induction of PTGS, which hypothesises that when the level of aberrant target RNA 
exceeds a certain concentration in the cell, RNA silencing involving the RNA-
dependent RNA polymerases is triggered.  The aberrant RNA molecules responsible 
for triggering PTGS lack a 5’ cap or a 3’ poly-(A) tail.  This appears to be consistent 
with what is currently known about the mechanism of IME.  Introns enhance gene 
expression by increasing the steady state amount of mature mRNA in the cell [65, 
72, 73, 112, 138], apparently without significantly changing mRNA stability [73, 
112].  It has been previously suggested that enhancing introns may cause the 
transcription machinery to be more operative, increasing the probability that full-
length polyadenylated mRNAs will be formed and accumulated [96].  In the absence 
of the enhancing intron, the polymerase may tend to disconnect and create short, 
truncated transcripts that are rapidly degraded [96].  Sequencing of the 5’ RACE 
products led to the identification of truncated scoGUS transcripts in the pSHDIR16-
scoGUS plant, but not in the pSHDIR16-iOsUbi2-scoGUS transgenic event (Figure 
6-8).  While the identification of only a small number of truncated transcripts does 
not prove that PTGS is occurring in the pSHDIR16-scoGUS plants, it does suggest 
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that this line of research may be worth investigating in more detail.  Initial attempts 
using Northern blot analysis to identify siRNAs that may be targeting the scoGUS 
gene for degradation in different pSHDIR16-scoGUS transgenic events were 
unsuccessful.   
PTGS has been suggested to limit expression from a variety of other promoters 
in sugar cane.  The sugar cane promoter Ubi-9 was found to produce high levels of 
GUS expression in both sugar cane and rice callus [174], but characterisation of this 
promoter in transgenic plants indicated that it could drive high levels of expression in 
stably transformed rice but not in sugar cane [50].  Silencing of transgene expression 
in sugar cane was also reported with the rice actin, sugar cane rsp and artificial EMU 
promoters, which showed strong expression in transgenic calli lines, but had little or 
no detectable expression in transgenic plants [32, 173].  This dramatic reduction in 
transgene expression in plantlets compared to callus has been suggested to be due to 
PTGS in many sugar cane expression studies, however no direct evidence of siRNAs 
targeting transgenes have been identified to date. 
Due to the poor activity of the SHDIR16 promoter alone in the transgenic 
plants, we wanted to confirm that the stem-preferred expression detected in the 
SHDIR16-iOsUbi2-scoGUS transgenic plants was being driven by the SHDIR16 
promoter.  From the results of the 5’ RACE it was confirmed that the SHDIR16 
promoter was driving GUS expression both in the presence and absence of the 
iOsUbi2 intron.  We also found through RT-PCR that the endogenous dirigent gene 
was abundantly expressed in the mature stem, indicating that the dirigent promoter 
was functional in the sampled tissue.   
The OsUbi2 intron restored the stem-preferred nature of the SHDIR16 
promoter without altering tissue specificity.  This is an ideal situation when 
developing molecular tools to improve the expression of tissue-specific promoters.  
Several enhancing introns have been reported to disrupt tissue specificity from 
tissue-specific promoters.  For example, the first intron of the petunia actin-
depolymerizing factor 1 (PhADF1) gene altered the reproductive tissue-specificity of 
the Arabidopsis profiling 5 (PRF5) promoter [175].  Further, the Arabidopsis UBQ10 
first intron increased GUS expression in Arabidopsis from eight native promoters, 
and altered tissue specificity of two tissue-specific promoters [116].  The target 
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tissues for expression from the SHDIR16 promoter were previously reported to be in 
the vascular bundle in the stem [46].  In the current study, GUS expression in both 
the SHDIR16-scoGUS and SHDIR16-iOsUbi2-scoGUS constructs could generally be 
visualised throughout the various cells within the stem (Figure 6-2).  It is possible 
that this may be due to the differences in age of the transgenic plants assessed.  In the 
study by Damaj et al. [46], four month old transgenic sugar cane were assessed 
compared to the 9 - 13 month old plants assessed in the current study.   
Transgenes have been reported to be silenced in many crops after long periods 
of expression [176-179].  The cultivation of sugar cane usually involves a number of 
vegetative regenerations of field cane by tillering.  Therefore it is important in sugar 
cane to have stable transgene expression from one vegetative generation to the next.  
The expression of the GUS transgene in sugar cane under the control of the SHDIR16 
promoter with and without the OsUbi2 intron was followed through two generations 
of vegetative propagation (nodal cuttings) to examine transgene expression stability.  
The stability of transgene expression in transgenic sugar cane, and other plants, is 
vital for successful genetic engineering.  This study demonstrated that GUS-positive 
transgenic sugar cane plants from the T0 generation continued to express GUS in the 
same stem tissues in the T0,V2 generation (Figure 6-2 and Figure 6-4).  Following 
two vegetative propagations of transgenic plants, the levels of GUS expression 
declined (Figure 6-7) for the pZm-Ubi1-scoGUS and pSHDIR16-scoGUS constructs, 
however, expression in the pSHDIR16-iOsUbi2-scoGUS events appeared to be stable 
in the stem.  Thus, inclusion of the OsUbi2 intron appeared to help stabilise GUS 
expression from SHDIR16 in the stem.  Stable transgene expression in transgenic 
sugar cane was previously demonstrated with three intron-containing promoters by 
Kinkema et al. [38].  The Zm-Ubi1, Zm-PepC and CMP-Zm-iUbi1 (Cestrum yellow 
leaf curling virus promoter combined with maize polyubiquitin-1 first intron) 
promoters all drove strong, stable transgene expression in transgenic sugar cane, and 
all of these promoters either had a native intron (Zm-Ubi1 and  Zm-PepC) or a 
heterologous intron (CMP-Zm-iUbi1) [38].  While our data suggested that expression 
from the ZmUbi1 promoter decreased in subsequent generations, this finding was 
only based on data from two transgenic plants.  Therefore, characterisation of a 
Chapter 6: Characterisation of IME from the OsUbi2 intron in transgenic sugar cane 
147 
 
larger number of plants as reported by Kinkema et al (28) would allow for a better 
assessment of transgene expression stability.  
The TMVΩ translational enhancer sequence was spliced from transgene 
transcripts 
An unexpected finding from the sequenced 5’ RACE products was that the 
TMVΩ translational enhancer sequence was efficiently spliced from the transcripts 
(Figure 6-8).  For the TMVΩ sequence to enhance translation it must be retained in 
the transcript [180, 181].  The discovery that this sequence was being efficiently 
spliced from the transcripts present in transgenic sugar cane was consistent with 
previous work suggesting that the TMVΩ sequence did not enhance expression of 
the scoGUS gene driven by the maize polyubiquitin-1 promoter in a transient sugar 
cane assay [38].  Further investigation of the expression enhancing potential of the 
TMVΩ sequence in sugar cane is warranted and would require mutating the splice 
sites so that this sequence could be retained in the transcripts.  
Characterisation of OsUbi2 intron deletions in transgenic sugar cane 
In transient assays, the OsUbi2 intron and the deletions iOsUbi2A, 
iOsUbi2AB, and iOsUbi2D were shown to increase gene expression significantly 
compared to the intron-less controls from both the SHDIR16 and ZMPEPC 
promoters (Figure 4-7).  To characterise IME from these OsUbi2 introns in 
transgenic sugar cane, they were individually combined with the ZMUBI1 (no intron) 
promoter and stably transformed into sugar cane callus by microprojectile 
bombardment.  In transgenic plants, the OsUbi2 intron and the deletions iOsUbi2A, 
iOsUbi2AB, and iOsUbi2D increased gene expression from the ZMUBI1 promoter 
significantly compared to the intron-less control (Figure 6-9).  The expression data 
from transgenic plants did not clearly differentiate the enhancing activities of the 
different OsUbi2 intron deletions.  In the transient assays, the iOsUbi2AB and 
iOsUbi2A were found to have significantly higher levels of IME compared to 
iOsUbi2D (Figure 4-7).   
It is possible that the high transgene copy numbers present in the characterised 
transgenic plants prevented the determination of potential differences in IME 
activities. Typically, transgenic lines generated by microprojectile bombardment 
show large variations in transgene expression that is often associated with multiple 
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transgene copies [12].   High transgene copy numbers is one of the factors generally 
stated as contributing to instability of transgene expression [182].  The presence of 
multiple copies of the transgene can sometimes trigger transgene silencing in sugar 
cane which has been shown to occur at both the transcriptional and post-
transcriptional levels by promoter methylation and RNA degradation, respectively 
[35].  According to Birch et al. [97], silencing may be more prevalent in sugar cane 
due to its complex polyploid genome.  A larger sample of at least 20 transgenic lines 
expressing the transgene would assist in detailed expression analyses. However, the 
low frequency of obtaining such lines (11% for SHDIR16-scoGUS and 32% for 
SHDIR16-iOsUbi2-scoGUS) in this study would require generating and screening of 
around 200 lines and 60 lines for SHDIR16-scoGUS and SHDIR16-iOsUbi2-
scoGUS, respectively.  A previous study by Kinkema et al. [38] showed that accurate 
comparisons of gene expression in transgenic plants may require the analysis of 
plants containing just 1-2 copies of the transgene as differences in expression 
become obscured when assessing plants with high copy numbers.  Future studies 
involving single copy plants generated via Agrobacterium-mediated transformation 
will help to determine whether the IME activities detected for the different intron 
deletions in the transient assay are consistent with the levels of expression obtained 
in transgenic plants.  
Conclusion 
The enhancing activity of OsUbi2 and selected OsUbi2 intron deletions was 
demonstrated in transgenic sugar cane plants in combination with the SHDIR16 and 
ZMUBI1 promoters.  The inclusion of the OsUbi2 intron improved the reliability of 
the SHDIR16 promoter, restored the stem-preferred expression of SHDIR16, and 
improved transgene expression stability across generations.  Future studies are 
required to determine if these improvements were due to a reduction in PTGS.  
Importantly, the data described in this chapter demonstrated that introns shown to 
possess enhancing activity in the transient assay were also capable of enhancing gene 
expression in stable transgenic sugar cane plants.  Thus, the transient assay may 
serve as a useful tool for efficient screening of expression constructs in sugar cane.
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Chapter 7: General discussion and conclusions 
The application of biotechnology in sugar cane can be improved through the 
development of new tools that facilitate high levels of constitutive and tissue-specific 
gene expression [46, 50].  High levels of transgene expression are vital to the success 
of improving crops through biotechnology.  Recently, promising results in the 
development of promoters to drive high levels of gene expression in sugar cane have 
been reported.  The Cestrum yellow leaf curling virus promoter combined with the 
maize polyubiquitin-1 first intron (CMP-Zm-iUbi1) was reported to drive levels of 
gene expression significantly higher than the benchmark maize polyubiquitin-1 (Zm-
Ubi1) promoter in stems and leaves of transgenic sugar cane [38].  The leaf-specific 
maize phosphoenolpyruvate carboxylase (Zm-PepC) promoter was also reported to 
drive higher levels of GUS expression compared to the Zm-Ubi1 promoter in 
transgenic sugar cane [19].  Petrasovits et al. [16] reported the use of the maize 
cholorphyll A/B-binding protein promoter (cab-m5) to drive expression of three 
biosynthetic genes phaA, phaB and phaC, which resulted in the accumulation of 
PHB to levels as high as 4.8% of leaf dry weight in transgenic sugar cane.  While 
these recent contributions to sugar cane biotechnology are valuable, approaches that 
further improve transgene expression in sugar cane are highly desired.  
Sugar cane is one of the world’s most important sources of food and fuel.  In 
2012, total world production of sugar cane was ranked number one with an estimated 
1.8 billion tonnes (FAOSTAT, 2012)
4.  Approximately 75% of the world’s sugar 
supply is produced from sugar cane [1].  However, the competitiveness of the world 
sugar industry necessitates the diversification of products produced from sugar cane 
for the sustainability of the industry [183].  Biotechnology holds great potential for 
the diversification and sustainability of the sugar cane industry through the 
development of transgenic varieties with new and improved traits.  The high biomass 
of sugar cane makes it an ideal crop for developing bio-based economies such as 
biofuels and biofactory [16].  Sugar cane can be engineered to express cellulolytic 
enzymes for the cost effective production of cellulosic ethanol [19, 20], or to 
                                                          
4
 http://faostat.fao.org/site/339/default.aspx 
Chapter 7: General discussion and conclusions 
150 
 
function as a biofactory for the production of alternative sugars [1, 11, 48], 
pharmaceuticals [184], high value proteins and industrial products [16, 18, 185, 186].  
Biotechnology also has the potential to be combined with breeding efforts for 
improved agronomic traits such as high sugar content, pest and disease resistance or 
drought tolerance. 
The current design of transgenes used for biotechnology in most plants 
typically involves the expression of a coding sequence deficient of introns.  This 
approach is not ideal considering the mounting evidence for the role of introns in 
enhancing gene expression [8].  Introns can enhance gene expression in two ways; 
either by acting as a transcriptional enhancer or by the process of intron-mediated 
enhancement (IME).  IME typically refers to an intron’s ability to enhance gene 
expression from a promoter [9].    
Since the discovery of introns in the late 1970s [187, 188], numerous studies 
have highlighted the potential for introns to enhance gene expression in both plants 
and animals [5-9].  IME in plants was first reported in maize by Calli et al. [65] with 
the maize Adh1-S first intron boosting reporter gene expression up to 170-fold 
relative to an intron-less control.  While, more and more studies on IME in plants 
emerged with the majority conducted in maize [9, 65, 68-70, 112, 113], rice [66, 69, 
114]  and Arabidopsis, no analysis on the potential for IME to improve gene 
expression in sugar cane have been carried out.  Therefore, the overall objective of 
this research project was the development of introns as a molecular tool for the 
improvement of transgene expression in sugar cane.  
While the exact mechanism involved in IME is not yet known, several 
fundamental requirements for IME have been established.  IME only occurs when 
the intron is present in its forward orientation, and within the transcribed sequence, 
preferentially in the 5’ UTR [9].  Therefore, introns do not enhance gene expression 
via IME when located 5’ of the promoter or at the 3’ end of a gene [9, 65].  Introns 
that contain transcriptional enhancer elements can elevate expression independent of 
location and orientation, and enhancement from these introns is not via IME [189, 
190].  
The first aim of this study was to investigate the potential of IME in sugar 
cane.  To the best of our knowledge this is the first study that characterises IME in 
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sugar cane in detail.  By using a transient assay in sugar cane leaf we were able to 
screen a number of intron-containing expression vectors in order to assess the 
potential of IME in sugar cane, and to identify introns capable of increasing gene 
expression in this crop.  This work was initially carried out using previously 
characterised enhancing introns from maize and rice.  The use of introns known to 
enhance gene expression in other monocots was beneficial for validating the utility 
of the transient assay in sugar cane.  
We initially demonstrated the functionality of IME in sugar cane from four 
different known enhancing introns (iZmUbi1, iOsUbi2, iOsUbi3 and iOsActin2) in 
combination with different promoters (ZMUBI1 (no intron), SHDIR16, BBTV4 and 
ZMPEPC (no intron)).  Furthermore, and consistent with previous work showing that 
the intron of the Zm-Ubi1 promoter (iZmUbi1) was required for full promoter 
activity in banana [67] and maize [79], the transient assay in sugar cane showed a 3-
fold reduction in GUS expression levels when the iZmUbi1 was removed from the 
Zm-Ubi1 promoter.  Substituting the iZmUbi1 with the iOsUbi2, iOsUbi3 or 
iOsActin2 enhanced expression to approximately 4-, 2- and 3-fold, respectively from 
the ZMUBI1 (no intron) promoter (Figure 3-7).  We demonstrated that the enhancing 
activity seen in the transient assay was likely due to IME (rather than the introns 
acting as traditional enhancers) by showing that introns did not enhance gene 
expression when placed upstream of the promoter.  These data provided evidence 
that the transient assay may be a useful tool for IME screening in sugar cane.  In 
addition, the results indicated that IME is likely a conserved process in sugar cane 
like it is in diverse plant and animal species [9, 58, 81].  These findings validated the 
concept of investigating the use of introns to enhance gene expression in sugar cane. 
The observation that only some efficiently spliced introns are able to enhance 
gene expression suggests that there may be specific sequences within enhancing 
introns that function in IME.  The different enhancing abilities that are observed with 
different introns further support this theory.  The deletion analysis of iOsUbi2 
indicated that sequences from this intron that may be responsible for IME were 
redundant and dispersed, more prevalent towards the 5’ end and functioning in an 
additive manner.  Furthermore, it showed that substantial portions of the OsUbi2 
intron could be deleted without affecting its full enhancing activity.  These findings 
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were consistent with results of previous studies which found that large sections of 
introns can be deleted without significantly reducing enhancement relative to intron-
less controls [70, 74, 86, 90, 95, 123], and that the distribution of enhancing 
sequences may be biased towards the 5’ end of the intron [58, 123].   
Along the length of the iOsUbi2, 34 different motifs were identified using the 
PLACE web-based database [155] to be scattered throughout the intron at 85 
locations (Figure 4-9, Appendix C).  The ARR1 motif (NGATT) was identified to be 
the most abundant, and was also found to be widely dispersed and biased to the 5’ 
end of the iOsUbi2.  This motif represents a binding element for a response regulator 
(ARR1) that can activate or repress transcription [58, 156].  Interestingly, the ARR1 
motif was 80% identical to the CGATT motif identified by the IMEter research study 
to be important for IME in rice [58].  This suggests that the minimum specific 
sequence GATT may be an important part of IME signals.  From correlation analysis 
however, no correlation was shown between IMEter scores or the number of ARR1 
motifs and GUS activity for the OsUbi2 intron deletions.  Our results also indicated 
that other sequences present in the iOsUbi2 may also play a role in the final gene 
expression.  When sections of the “B” and “D” regions of the iOsUbi2 were deleted 
from the strong enhancing iOsUbi2AB and iOsUbi2AD, there was a significant 
reduction in enhancing activity (Figure 4-5 B).  The deleted sections did not contain 
any ARR1 or IMEter motifs, suggesting that additional sequences within the intron 
may play a role in the overall IME from the OsUbi2 intron.  Point mutagenesis will 
be useful in future studies to more specifically assess the potential role of this 
sequence in IME. 
Another aim of this study was to identify novel enhancing introns that could be 
used to boost transgene expression in sugar cane.  We successfully isolated (by PCR) 
and identified (by transient GUS assays) six novel enhancing introns (iZm072416, 
iZm000367, iZm000850, iZm003842, iZm008083 and iZm070827) capable of 
boosting gene expression in sugar cane from two different promoters (SHDIR16 and 
ZMPEPC (no intron)).  The six novel enhancing introns were sourced from high to 
very high expressing maize genes.  Three of the identified enhancing introns 
(iZm072416, iZm003842 and iZm008083) increased GUS expression to levels 
Chapter 7: General discussion and conclusions 
153 
 
similar to the OsUbi2 intron.  These three novel enhancing introns will make good 
candidates for the improvement of transgene expression in sugar cane. 
The determination of enhancing activity for 13 different maize introns provided 
a useful data set to investigate general features of these introns that may correlate 
with IME.  While the results of a correlation analysis did not support a strong link 
between native gene expression and absolute levels of intron enhancing activity, 
introns from more highly expressed genes were much more likely to enhance gene 
expression than introns from low expressed genes.  This was shown by the finding 
that all six maize introns with IME activity significantly higher than the intron-less 
controls were sourced from “high” to “very high” expressing genes.  While many 
enhancing introns have been sourced from high expressing genes, we are not aware 
of any studies that have compared IME levels from a set of introns to the expression 
of their native genes.  Our results found no association between IME activity of the 
maize introns tested with free-energy values.  Similarly, no significant correlation 
was established between IME activity of the tested maize introns and IMEter scores.  
Morello et al.  [114] also found no correlation between enhancing activity of a set of 
rice introns and IMEter scores.  
By definition, introns are intervening sequences that interrupt genes of 
eukaryotic organisms.  During transcription, introns are transcribed and therefore 
present in the pre-mRNA, but immediately after, they are removed to form mature 
RNA by a precise splicing mechanism [79].  Although there are conflicting reports 
on the necessity of splicing for IME, correct splicing has been shown to be required 
for optimal IME activity from enhancing introns [77, 85, 86, 136, 162].  Intron 
splicing is known to deposit an exon junction protein complex (EJC) that plays an 
important role in the post-transcriptional maturation of pre-mRNA [163, 191].  The 
EJC can facilitate mRNA export from the nucleus to the cytoplasm and promote 
protein translation [68, 191].  Although the EJC was first described in animal studies 
[192], homologues of this complex were also found in plants [193].   
A study by Christie et al. [91] showed that intron splicing can play a role in 
suppressing post-transcriptional gene silencing.  The strong link between splicing 
efficiency and IME made it necessary to assess the splicing of the different introns 
and intron deletions that were characterised in this project.  Without any splicing 
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information it would be difficult to know if low IME activity from an intron was due 
to the intron lacking enhancing activity or because of poor splicing.  Using a PCR 
splicing assay, introns were shown to be correctly spliced from the GUS transcript.  
The lack of any detectable unspliced or misspliced transcripts suggested that the 
introns were spliced effectively.  The design of the intron vectors may have 
contributed to the consistent intron splicing displayed by the different introns.  The 
vectors were designed to include synthetic sequences flanking the introns, and these 
sequences were predicted by NetGene2 [153] to provide strong consensus donor and 
acceptor splice sites.  In addition, the OsUbi2 intron deletions were engineered to 
include specific sequences from the 5’ and 3’ ends of the intron (which included the 
predicted branchpoint sequence at the 3’ end).  The results from the splicing assays 
indicated that the lack of enhancement displayed by some of the introns was not 
likely caused by inefficient splicing.  
Our characterisation of IME in sugar cane relied heavily on the use of a 
transient assay.  Many of the previous studies on IME (and gene expression in 
general) in dicots (mainly Arabidopsis) were done using stably transformed plants, 
while transient expression systems have been principally used in monocots [163].  
This is most likely a reflection of the ease in which transgenic plants can be 
generated for dicots compared to monocots [163].  A reliance solely on transient 
assays can be risky in light of the findings that results from transient expression 
systems do not always correlate with data from transgenic plants [165].  Therefore, to 
more thoroughly evaluate the potential for introns to improve sugar cane 
biotechnology, we assessed IME in transgenic sugar cane transformed via 
microprojectile bombardment.  GUS analysis (Figure 6-3 and Figure 6-5)  from 
transgenic plants showed that the SHDIR16 promoter did not drive stem preferred 
expression as previously reported [46].  The stem preferred nature of the SHDIR16 
promoter was initially demonstrated in four month old transgenic sugar cane cv.  
CP72-1210 [46].  In the current study, GUS activity driven by the SHDIR16 
promoter was assessed in mature transgenic sugar cane cv. KQ228.  The poor 
activity of the SHDIR16 promoter in this study may be due to differences in the sugar 
cane cultivar used, or caused by PTGS of the GUS transgene as previously reported 
to occur in mature transgenic sugar cane [33, 34].  Inclusion of the OsUbi2 
enhancing intron not only improved levels of GUS expression in stem relative to 
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leaf, it also restored the stem preferred nature of the SHDIR16 promoter (Figure 6-3 
and Figure 6-5).  In addition, this intron increased the number of transgenic plants 
with detectable GUS activity by 20% (Table 6-3), and improved transgene 
expression stability in subsequent generations (Figure 6-7).  The ability of introns to 
suppress PTGS have been reported by Christie et al. [91] whereby spliced mRNA 
were less likely targets for RNA-dependent RNA polymerase 6-mediated gene 
silencing.  
We also assessed the enhancing ability of the OsUbi2 intron and a selected 
subset of iOsUbi2 deletion variants in combination with the ZMUBI1 (no intron) 
promoter in transgenic sugar cane plants.  The results of this investigation revealed 
that the OsUbi2 intron and the intron deletions enhanced GUS expression from the 
ZMUBI1 (no intron) in transgenic sugar cane plants relative to the intron-less control.  
While this finding supports data from the transient assay, there were noticeable 
discrepancies in the expression profiles of some of the iOsUbi2 deletions.  The 
iOsUbi2D displayed significantly lower levels of IME compared to the full OsUbi2, 
iOsUbi2A and iOsUbi2AB when these introns were evaluated with either the 
SHDIR16 or ZMPEPC promoter in transient assays.  In transgenic plants, however, 
the OsUbi2D intron displayed similar levels of enhancing activity to these introns 
when combined with the ZMUBI1 promoter.  These findings may highlight unique 
responses of the individual intron deletions to different promoters.  In addition, the 
high number of copies of the expression vectors in the transgenic plants may have 
prevented differences in gene expression from being detected.  It is also possible that 
the results from the transient assay simply don’t reflect what occurs in transgenic 
plants.  This has been found in other studies, and may be  due to low or unstable 
expression of transgenes in transgenic plants [173].  Overall, our results demonstrate 
that introns shown to enhance transgene expression in transient assays are highly 
likely to enhance transgene expression in transgenic plants.  This is beneficial for the 
development of sugar cane biotechnology, as robust screening for enhancing introns 
using transient expression will save time and resources over direct screening in 
transgenic plants. 
While the work described here has resulted in some valuable findings on the 
use of introns to improve transgene expression in sugar cane, future work in this area 
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will help to further develop this line of research.  All analyses carried out in this 
study were based on GUS protein accumulation.  To support these studies, it would 
be useful to determine how IME influences gene expression at the RNA level.  IME 
has been reported to cause an increase in the levels of steady state mature mRNA 
without affecting mRNA stability [112] or rate of transcription [6].   A nuclear run-
on assay is commonly used to measure the rate of transcription [72, 96].  This 
technique involves the incubation of cell nuclei with radiolabelled nucleotides, 
followed by the hybridization of extracted RNA on a blot containing gene specific 
sequences [81].  The relative abundance of newly formed transcripts can be 
calculated using nuclear run-on results however, absolute abundance of total or 
nuclear RNA can be determined via RT-PCR, real time PCR or next generation RNA 
sequencing [90, 194].  The stability of mRNA can be determined indirectly by 
observing changes in the steady-state level of mRNA in the cytoplasm, however 
changes in the steady-state level of mRNA may not reflect the changes in mRNA 
stability [195]. Direct measurements of decay rates of endogenous mRNAs can be 
made using kinetic labelling techniques and the use of transcriptional inhibitors 
[195]. However, these techniques often affect cell physiology which may result in 
artificial decay that don’t reflect the true stability of the mRNAs [195]. 
In this study, the transgenic plants produced had very high copy numbers 
typical of transformation via micro-projectile bombardment.  This likely prevented a 
precise comparison of expression data from the different constructs [38].  For future 
analyses, using a large number of Agrobacterium-mediated transformants with single 
copies of the expression vector would be beneficial.  
A more detailed investigation of the sequence motif identified in the OsUbi2 
intron deletion studies will help shed light on whether or not this sequence is 
involved in the enhancing activity displayed by this intron.  This could be 
accomplished by making point mutations in a number of the ARR1 motifs located 
within the intron, and subsequently evaluating the enhancing activity of these 
mutants using the transient assay and in stable transgenic plants.  Another approach 
would involve engineering constructs to contain more or less copies of this motif to 
study its role.  A good starting point might involve repeating the “A” region of the 
iOsUbi2 that was found to be highly enriched with these motifs. 
Chapter 7: General discussion and conclusions 
157 
 
In conclusion, the functionality of IME in sugar cane was demonstrated using 
both a transient assay and stable transgenic plants.  Deletion analysis helped to 
dissect the role of sequences within the rice polyubuitin-2 intron that function in gene 
expression enhancement.  Finally, a number of introns from both rice and maize were 
identified that may serve as useful tools for improving transgene expression in sugar 
cane. 
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Appendices      
Appendix A: List of DNA constructs 
Vector 
ID Promoter Intron Enhancers Gene 
V15-BW ZMUBI1 Intronless TMVΩ scoGUS 
V16-BW BBTV4 Intronless TMVΩ scoGUS 
V17-BW ZMUBI1 iZmUbi1 TMVΩ scoGUS 
V22-BW ZMUBI1 iOsUbi2 TMVΩ scoGUS 
V23-BW ZMUBI1 iOsActin2 TMVΩ scoGUS 
V24-BW BBTV4 iOsUbi2 TMVΩ scoGUS 
V26-BW ZMUBI1 iOsUbi3 TMVΩ scoGUS 
V34 iOsUbi2 ZMUBI1 TMVΩ scoGUS 
V35 iOsUbi2 BBTV4 TMVΩ scoGUS 
V36 SHDIR16 Intronless TMVΩ scoGUS 
V37 SHDIR16 iOsUbi2 TMVΩ scoGUS 
V38 iOsActin2 ZMUBI1 TMVΩ scoGUS 
V39 iZmUbi1 ZMUBI1 TMVΩ scoGUS 
V40 iOsUbi3 ZMUBI1 TMVΩ scoGUS 
V41 SHDIR16 iZmUbi1 TMVΩ scoGUS 
V43 pGEMT iOsUbi2 
  
V50 ZMUBI1 iZm067385 no TMVΩ; + splicing seq scoGUS 
V52 ZMUBI1 iOsUbi2 no TMVΩ; + splicing seq scoGUS 
V53 pGEMT iOsUbi2AD 
  
V54 pGEMT iOsUbi2CD 
  
V55 pGEMT iOsUbi2A 
  
V56 pGEMT iOsUbi2D 
  
V57 SHDIR16 iZm067385 no TMVΩ; + splicing seq scoGUS 
V58 SHDIR16 Intronless no TMVΩ; + splicing seq scoGUS 
V65 pGEMT iOsUbi2AB 
  
V66 SHDIR16 iOsUbi2A no TMVΩ; + splicing seq scoGUS 
V67 SHDIR16 iOsUbi2D no TMVΩ; + splicing seq scoGUS 
V68 SHDIR16 iOsUbi2AB no TMVΩ; + splicing seq scoGUS 
V69 SHDIR16 iOsUbi2AD no TMVΩ; + splicing seq scoGUS 
V70 SHDIR16 iOsUbi2CD no TMVΩ; + splicing seq scoGUS 
V71 SHDIR16 iOsUbi2 no TMVΩ; + splicing seq scoGUS 
V87 SHDIR16 iZm000367 no TMVΩ; + splicing seq scoGUS 
V88 SHDIR16 iZm008083 no TMVΩ; + splicing seq scoGUS 
V89 SHDIR16 iZm020302 no TMVΩ; + splicing seq scoGUS 
V90 SHDIR16 iZm072416 no TMVΩ; + splicing seq scoGUS 
V91 pGEMT iOsUbi2BCD 
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V92 pGEMT iOsUbi2Ab 
  
V93 pGEMT iOsUbi2Ad 
  
V94 SHDIR16 iOsUbi2BCD no TMVΩ; + splicing seq scoGUS 
V95 pGEMT iOsUbi2B 
  
V96 SHDIR16 iOsUbi2Ad no TMVΩ; + splicing seq scoGUS 
V98 SHDIR16 iOsUbi2Ab no TMVΩ; + splicing seq scoGUS 
V97 SHDIR16 iZm043026 no TMVΩ; + splicing seq scoGUS 
V99 SHDIR16 iZm012294 no TMVΩ; + splicing seq scoGUS 
V100 SHDIR16 iZm055989 no TMVΩ; + splicing seq scoGUS 
V101 SHDIR16 iZm062989 no TMVΩ; + splicing seq scoGUS 
V102 SHDIR16 iZm070827 no TMVΩ; + splicing seq scoGUS 
V108 ZMUBI1 iOsUbi2AB no TMVΩ; + splicing seq scoGUS 
V114 SHDIR16 iOsUbi2B no TMVΩ; + splicing seq scoGUS 
V115 ZMUBI1 iOsUbi2D no TMVΩ; + splicing seq scoGUS 
V116 ZMUBI1 iOsUbi2A no TMVΩ; + splicing seq scoGUS 
V120 promoterless intronless no TMVΩ; + splicing seq scoGUS 
V122 promoterless iOsUbi2A no TMVΩ; + splicing seq scoGUS 
V123 promoterless iOsUbi2AB no TMVΩ; + splicing seq scoGUS 
V124 promoterless iOsUbi2D no TMVΩ; + splicing seq scoGUS 
V127 ZMPEPC intronless no TMVΩ; + splicing seq scoGUS 
V128 promoterless iOsUbi2 no TMVΩ; + splicing seq scoGUS 
V129-AB SHDIR16 iZmUbi1 no TMVΩ; + splicing seq scoGUS 
V130 ZMPEPC iOsUbi2 no TMVΩ; + splicing seq scoGUS 
V131 ZMPEPC iZm072416 no TMVΩ; + splicing seq scoGUS 
V132 ZMPEPC iZm008083 no TMVΩ; + splicing seq scoGUS 
V135 ZMPEPC iZm043026 no TMVΩ; + splicing seq scoGUS 
V136 ZMPEPC iZm055989 no TMVΩ; + splicing seq scoGUS 
V137 ZMPEPC iZm067385 no TMVΩ; + splicing seq scoGUS 
V138 ZMPEPC iOsUbi2A no TMVΩ; + splicing seq scoGUS 
V139 ZMPEPC iOsUbi2D no TMVΩ; + splicing seq scoGUS 
V140 ZMPEPC iOsUbi2AB no TMVΩ; + splicing seq scoGUS 
V143-JP SHDIR16 iZm000850 no TMVΩ; + splicing seq scoGUS 
V144-JP SHDIR16 iZm003842 no TMVΩ; + splicing seq scoGUS 
V145-JP SHDIR16 iZm054585 no TMVΩ; + splicing seq scoGUS 
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Appendix B: Intron sequences for IME analysis 
> iOsUbi2 
       1 GTACGCTGCT TCTCCTCTCC TCGCTTCGTT TCGATTCGAT TTCGGACGGG 
      51 TGAGGTTGTT TTGTTGCTAG ATCCGATTGG TGGTTAGGGT TGTCGATGTG 
     101 ATTATCGTGA GATGTTTAGG GGTTGTAGAT CTGATGGTTG TGATTTGGGC 
     151 ACGGTTGGTT CGATAGGTGG AATCGTGGTT AGGTTTTGGG ATTGGATGTT 
     201 GGTTCTGATG ATTGGGGGGA ATTTTTACGG TTAGATGAAT TGTTGGATGA 
     251 TTCGATTGGG GAAATCGGTG TAGATCTGTT GGGGAATTGT GGAACTAGTC 
     301 ATGCCTGAGT GATTGGTGCG ATTTGTAGCG TGTTCCATCT TGTAGGCCTT 
     351 GTTGCGAGCA TGTTCAGATC TACTGTTCCG CTCTTGATTG AGTTATTGGT 
     401 GCCATGGGTT GGTGCAAACA CAGGCTTTAA TATGTTATAT CTGTTTTGTG 
     451 TTTGATGTAG ATCTGTAGGG TAGTTCTTCT TAGACATGGT TCAATTATGT 
     501 AGCTTGTGCG TTTCGATTTG ATTTCATATG TTCACAGATT AGATAATGAT 
     551 GAACTCTTTT AATTAATTGT CAATGGTAAA TAGGAAGTCT TGTCGCTATA 
     601 TCTGTCATAA TGATCTCATG TTACTATCTG CCAGTAATTT ATGCTAAGAA 
     651 CTATATTAGA ATATCATGTT ACAATCTGTA GTAATATCAT GTTACAATCT 
     701 GTAGTTCATC TATATAATCT ATTGTGGTAA TTTCTTTTTA CTATCTGTGT 
     751 GAAGATTATT GCCACTAGTT CATTCTACTT ATTTCTGAAG TTCAGGATAC 
     801 GTGTGCTGTT ACTACCTATC TGAATACATG TGTGATGTGC CTGTTACTAT 
     851 CTTTTTGAAT ACATGTATGT TCTGTTGGAA TATGTTTGCT GTTTGATCCG 
     901 TTGTTGTGTC CTTAATCTTG TGCTAGTTCT TACCCTATCT GTTTGGTGAT 
     951 TATTTCTTGC AG 
 
 
> iZmUbi1 
       1 GTACGCCGCT CGTCCTCCCC CCCCCCCCCT CTCTACCTTC TCTAGATCGG 
      51 CGTTCCGGTC CATGGTTAGG GCCCGGTAGT TCTACTTCTG TTCATGTTTG 
     101 TGTTAGATCC GTGTTTGTGT TAGATCCGTG CTGCTAGCGT TCGTACACGG 
     151 ATGCGACCTG TACGTCAGAC ACGTTCTGAT TGCTAACTTG CCAGTGTTTC 
     201 TCTTTGGGGA ATCCTGGGAT GGCTCTAGCC GTTCCGCAGA CGGGATCGAT 
     251 TTCATGATTT TTTTTGTTTC GTTGCATAGG GTTTGGTTTG CCCTTTTCCT 
     301 TTATTTCAAT ATATGCCGTG CACTTGTTTG TCGGGTCATC TTTTCATGCT 
     351 TTTTTTTGTC TTGGTTGTGA TGATGTGGTC TGGTTGGGCG GTCGTTCTAG 
     401 ATCGGAGTAG AATTCTGTTT CAAACTACCT GGTGGATTTA TTAATTTTGG 
     451 ATCTGTATGT GTGTGCCATA CATATTCATA GTTACGAATT GAAGATGATG 
     501 GATGGAAATA TCGATCTAGG ATAGGTATAC ATGTTGATGC GGGTTTTACT 
     551 GATGCATATA CAGAGATGCT TTTTGTTCGC TTGGTTGTGA TGATGTGGTG 
     601 TGGTTGGGCG GTCGTTCATT CGTTCTAGAT CGGAGTAGAA TACTGTTTCA 
     651 AACTACCTGG TGTATTTATT AATTTTGGAA CTGTATGTGT GTGTCATACA 
     701 TCTTCATAGT TACGAGTTTA AGATGGATGG AAATATCGAT CTAGGATAGG 
     751 TATACATGTT GATGTGGGTT TTACTGATGC ATATACATGA TGGCATATGC 
     801 AGCATCTATT CATATGCTCT AACCTTGAGT ACCTATCTAT TATAATAAAC 
     851 AAGTATGTTT TATAATTATT TTGATCTTGA TATACTTGGA TGATGGCATA 
     901 TGCAGCAGCT ATATGTGGAT TTTTTTAGCC CTGCCTTCAT ACGCTATTTA 
     951 TTTGCTTGGT ACTGTTTCTT TTGTCGATGC TCACCCTGTT GTTTGGTGTT 
    1001 ACTTCTGCAG 
 
 
 > iOsUbi3 
       1 GTAACTAATC AATCACCTCG TCCTAATCCT CGAATCTCTC GTGGTGCCCG 
      51 TCTAATCTCG CGATTTTGAT GCTCGTGGTG GAAAGCGTAG GAGGATCCCG 
     101 TGCGAGTTAG TCTCAATCTC TCAGGGTTTC GTGCGATTTT AGGGTGATCC 
     151 ACCTCTTAAT CGAGTTACGG TTTCGTGCGA TTTTAGGGTA ATCCTCTTAA 
     201 TCTCTCATTG ATTTAGGGTT TCGTGAGAAT CGAGGTAGGG ATCTGTGTTA 
     251 TTTATATCGA TCTAATAGAT GGATTGGTTT TGAGATTGTT CTGTCAGATG 
     301 GGGATTGTTT CGATATATTA CCCTAATGAT GTGTCAGATG GGGATTGTTT 
     351 CGATATATTA CCCTAATGAT GTGTCAGATG GGGATTGTTT CGATATATTA 
     401 CCCTAATGAT GGATAATAAG AGTAGTTCAC AGTTATGTTT TGATCCTGCC 
     451 ACATAGTTTG AGTTTTGTGA TCAGATTTAG TTTTACTTAT TTGTGCTTAG 
     501 TTCGGATGGG ATTGTTCTGA TATTGTTCCA ATAGATGAAT AGCTCGTTAG 
     551 GTTAAAATCT TTAGGTTGAG TTAGGCGACA CATAGTTTAT TTCCTCTGGA 
     601 TTTGGATTGG AATTGTGTTC TTAGTTTTTT TCCCCTGGAT TTGGATTGGA 
     651 ATTGTGTGGA GCTGGGTTAG AGAATTACAT CTGTATCGTG TACACCTACT 
     701 TGAACTGTAG AGCTTGGGTT CTAAGGTCAA TTTAATCTGT ATTGTATCTG 
     751 GCTCTTTGCC TAGTTGAACT GTAGTGCTGA TGTTGTACTG TGTTTTTTTA 
     801 CCCGTTTTAT TTGCTTTACT CGTGCAAATC AAATCTGTCA GATGCTAGAA 
     851 CTAGGTGGCT TTATTCTGTG TTCTTACATA GATCTGTTGT CCTGTAGTTA 
     901 CTTATGTCAG TTTTGTTATT ATCTGAAGAT ATTTTTGGTT GTTGCTTGTT 
     951 GATGTGGTGT GAGCTGTGAG CAGCGCTCTT ATGATTAATG ATGCTGTCCA 
    1001 ATTGTAGTGT AGTATGATGT GATTGATATG TTCATCTATT TTGAGCTGAC 
    1051 AGTACCGATA TCGTAGGATC TGGTGCCAAC TTATTCTCCA GCTGCTTTTT 
    1101 TTTACCTATG TTAATTCCAA TCCTTTCTTG CCTCTTCCAG 
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> iOsActin2 
       1 GTGAGCAACT GCCTCTCCAT GTCCAGGCCC TCCCGGCCCC TGCTTGCTTT 
      51 CTGTTTTAAT GCTTGATGTT TCTTGCAATC GGAGATGTGT TCTAGTTCTG 
     101 TTAGATGGGT GAACTACTGA ACTGAGTTGC TGAAGTAGGT GTGGCTGGTT 
     151 GCTTTTGCTT GTATGTTGTC AAATGTTGGA TCCGTTGGAC TGTAGGAGTT 
     201 CAGGGATGCG CGTATACTGG TTGTTTGTTG TTCTTGGTGA ATGCTGATCC 
     251 GATCCATTGC TTTAGTTGAT GGATGTATCC GATCTTGTTT GTGCTGAGGT 
     301 GACGAGTAGT CTTGCAGTAG ATCTTTTCGT GTTTATGTTG TGTTGTGCTA 
     351 AGGTCTTGTA GTTCCCAAAA TTTTTTCCCA AAAATGTCAC ATGGTATCTT 
     401 TAGACACATG AATAGAGCAT TAAATATAGA TTAAAAAAAA CTAATTGCAC 
     451 AATTTGCATG GAAATCGTGA GACCAATCTT TTAAGCCTAA TTAGTCCATG 
     501 ATTAGACATA AGTGCTACAG TAACCCACGT GTGCTAATGA TGGATTAATT 
     551 AGGCTTAATA AATTCGTCTC TCAGTTTCTA GGCGAGCTAT GAAATTAATT 
     601 TTTTTTATTC GTGTCCGAAA ATCCCTTCCG ACATCCGGTT AAACGTCGGA 
     651 TGTGACAAGA AAAATTTTCT TTTCGCGAAC TAAACAAGGC CTAAGGCGTG 
     701 AAGTTGGGGG TATAGTTTCT CTGAATTGTA GATCAACTGA CAGACTTTTG 
     751 CATGCTCATA GCCGGTTTGT TTGCGGTACT CAAGAAACTG TCTTGATTGG 
     801 TCATTCCGTA GGTGGGGACT TGTGAAAAAG CTGATTCCTT TCTTTTCATT 
     851 TCCACGGTTG CTTTCTTGTT GGCGTGGGAA AAAAACAGTT TTCAGTACTG 
     901 TACCGATCGA CTTTCTTTTG AGACTTTTTT CTCCTCAACA AAACATTTCA 
     951 TAGTTCACAC AAAAACACAA GCATACCAAC GATTTCATTA TGTGACATGG 
    1001 CTTCTAAAAT CTGAATTAAA GAAGCAAGTT GCTTAACTGA AAACTGCCTA 
    1051 GTTTCAGAAA TCATGGAGTT TAAATTTTCC AAAGAGAAGG GTAACATATT 
    1101 ATGGAGAACT AGAATTTTGT ACTAAAAAAT GTATGCTTAT GGACCACTAT 
    1151 TCTAAGATGC TTCACATCTT GATGACGGCT GTCTGATCAG AAAAAAAATA 
    1201 ATGCTTCAGA TCAACCAATC AGACAATCCA GGATATGAGC AGATCATGTT 
    1251 GCATTCATTT CATCCACTGA AGCATGTCCC TTTTTTCTCC CTGAAGATTG 
    1301 GTCTAAATCG ATTCAAATAC ACATTGCATT GTATGCTCTT AGGAGAGAGC 
    1351 ACCATTCCTT TGGAGGGTTG GTGATTCAGA CCAGCCTCGG TTGATTGATT 
    1401 TGAATTTCTT AACTACAAGT CACTTGATCT AGTTATAATT TACGCATCAT 
    1451 GGACCATTCA TTTTGGGAGT TTCCTATATA CAACTAAAGT GTTATACTTC 
    1501 TTCCTATCTG CGCCTTCCTT TTTGTTTGAA TAATCCTCCC TCTTTCACAA 
    1551 TTTGCAATAC TAGTTAGTCA ATTAATAGCT TTGAATGTGA TATCTTAAAG 
    1601 ACATGTATTT TGTCATTCAT GTTTGATGAA GACTCGTGTT TTTGTAGGAT 
    1651 GAATGTTTAG TTCAAGTTAC ATTTTTCTGT ATTAATCTAT AGTCTTTGTA 
    1701 AACACTGTTT TGAATGATTT ATTTTGTGTT ATGCAG 
  
 163 
 
Appendix C: PLACE motifs located in the full OsUbi2 intron 
Factor or site name 
Loc. (+ 
str.) Signal sequence Comments 
CURECORECR   1 GTAC Core of CuRE (copper-response element) in Chlamydomonas 
ARR1AT  32 NGATT ARR1-binding element found in Arabidopsis; response regulator 
ARR1AT  37 NGATT ARR1-binding element found in Arabidopsis; response regulator 
GTGANTG10 50 GTGA GTGA motif found in the promoter of N. tobacum 
ARR1AT  74 NGATT ARR1-binding element found in Arabidopsis; response regulator 
SV40COREENHAN  80 GTGGWWHG SV40 core enhancer; Similar sequences forund in rbcS genes 
GTGANTG10 98 GTGA GTGA motif found in the promoter of N. tobacum 
ARR1AT  99 NGATT ARR1-binding element found in Arabidopsis; response regulator 
GTGANTG10 107 GTGA GTGA motif found in the promoter of N. tobacum 
GTGANTG10 140 GTGA GTGA motif found in the promoter of N. tobacum 
ARR1AT  141 NGATT ARR1-binding element found in Arabidopsis; response regulator 
MYBCORE 152 CNGTTR Binding site for all animal MYB and at least two plant MYB 
GATABOX 162 GATA GATA motif in CaMV 35S promoter; chlorophyll a/b binding protein 
SV40COREENHAN  175 GTGGWWHG SV40 core enhancer; Similar sequences forund in rbcS genes 
MYB26PS  178 GTTAGGTT Myb26 binding site (P. sativum) 
ARR1AT  189 NGATT ARR1-binding element found in Arabidopsis; response regulator 
ARR1AT  209 NGATT ARR1-binding element found in Arabidopsis; response regulator 
SEF4MOTIFGM7S 221 RTTTTTR SEF4 binding site (Soybean; G. max) 
MYBCORE 228 CNGTTR Binding site for all animal MYB and at least two plant MYB 
ARR1AT  248 NGATT ARR1-binding element found in Arabidopsis; response regulator 
ARR1AT  253 NGATT ARR1-binding element found in Arabidopsis; response regulator 
GT1CONSENSUS 260 GRWAAW Consensus GT-1 binding site for many light-regulated genes 
MYBCORE 276 CNGTTR Binding site for all animal MYB and at least two plant MYB 
GTGANTG10 309 GTGA GTGA motif found in the promoter of N. tobacum 
ARR1AT  310 NGATT ARR1-binding element found in Arabidopsis; response regulator 
ARR1AT  319 NGATT ARR1-binding element found in Arabidopsis; response regulator 
CACTFTPPCA1 371 YACT Tetranucleotide (CACT) key component of Mem1 of F. trinervia 
NODCON2GM  381 CTCTT One of two putative nodulin consensus sequences 
OSE2ROOTNODULE  381 CTCTT One of the consensus sequence motifs of organ-specific elements 
ARR1AT  385 NGATT ARR1-binding element found in Arabidopsis; response regulator 
2SSEEDPROTBANAPA  415 CAAACAC Conserved in many storage-protein gene promoters i.e. B. napus 
CANBNNAPA   415 CNAACAC Core of CA element ins torage protein genes in B. napus 
DPBFCOREDCDC3  418 ACACNNG bZIP transcription factors; involved in ABA response (A. thaliana) 
CARGCW8GAT  425 CWWWWWWWWG Variant of CArG motif; binding site for AL15 (A. thaliana) 
CAATBOX1  492 CAAT CAAT promoter consensus sequence found in legA gene of pea 
ARR1AT  514 NGATT ARR1-binding element found in Arabidopsis; response regulator 
ARR1AT  519 NGATT ARR1-binding element found in Arabidopsis; response regulator 
CATATGGMSAUR 525 CATATG Sequence found in NDE element in soybean; Involved in auxin responsiveness 
EBOXBNNAPA 525 CANNTG E-box of napA storage-protein gene of B. napus 
MYCCONSENSUSAT  525 CANNTG MYC recognition in promoters of the dehydration-responsive gene rd22 
ARR1AT  536 NGATT ARR1-binding element found in Arabidopsis; response regulator 
GATABOX 542 GATA GATA motif in CaMV 35S promoter; chlorophyll a/b binding protein 
GT1CONSENSUS 542 GRWAAW Consensus GT-1 binding site for many light-regulated genes 
IBOXCORE 542 GATAA Conserved seq upsteam of light-regulated genes in monocots and dicots 
NODCON2GM  554 CTCTT One of two putative nodulin consensus sequences 
OSE2ROOTNODULE  554 CTCTT One of the consensus sequence motifs of organ-specific elements 
BIHD1OS  568 TGTCA Binding site of OsBIHD1, a rice BELL homeodomain transcription 
CAATBOX1  571 CAAT CAAT promoter consensus sequence found in legA gene of pea 
S1FBOXSORPS1L21  573 ATGGTA SIR box conserved both in spinach (S. olearacea) RPS1 & RPS21 genes 
GT1CONSENSUS 575 GRWAAW Consensus GT-1 binding site for many light-regulated genes 
BIHD1OS   603 TGTCA Binding site of OsBIHD1, a rice BELL homeodomain transcription 
CACTFTPPCA1 622 YACT Tetranucleotide (CACT) key component of Mem1 of F. trinervia 
ROOTMOTIFTAPOX1  653 ATATT motif found both in promoters of ro1D  
CPBCSPOR  654 TATTAG Sequence critical for cyotkinin-enhanced protein binding in vitro (C. sativus) 
CAATBOX1 672 CAAT CAAT promoter consensus sequence found in legA gene of pea 
CAATBOX1 695 CAAT CAAT promoter consensus sequence found in legA gene of pea 
TATABOX4   711 TATATAA TATA box found in the 5'upstream region of sweet potato sporamin A gene 
GT1CONSENSUS 726 GRWAAW Consensus GT-1 binding site for many light-regulated genes 
CACTFTPPCA1 739 YACT Tetranucleotide (CACT) key component of Mem1 of F. trinervia 
GTGANTG10 749 GTGA GTGA motif found in the promoter of N. tobacum 
ARR1AT  753 NGATT ARR1-binding element found in Arabidopsis; response regulator 
SORLIP1AT  761 GCCAC Seq over-represented inlight induced promoters in A. thaliana 
CACTFTPPCA1 763 YACT Tetranucleotide (CACT) key component of Mem1 of F. trinervia 
INRNTPSADB  769 YTCANTYY Inr (initiator) elements found in the tobacco psaDb gene promoter 
CACTFTPPCA1 776 YACT Tetranucleotide (CACT) key component of Mem1 of F. trinervia 
TATABOX5 779 TTATTT TATA box in the 5'upstream region of pea glutamine synthetase gene 
MYBST1  795 GGATA Core motif of MybSt1 (a potato MYB homolog) binding site 
GATABOX 796 GATA GATA motif in CaMV 35S promoter; chlorophyll a/b binding protein 
ZDNAFORMINGATCAB1   797 ATACGTGT Z-DNA-forning seq found in A. thaliana chlorophyll a/b binding protein gene promoter 
ABRELATERD1 799 ACGTG Sequence required for etiolation-induced expression or erd1 (A. thaliana) 
ACGTATERD1 799 ACGT Sequence requirred for etiolation-induced expresson of erd1 (A. thaliana) 
MYBCORE 806 CNGTTR Binding site for all animal MYB and at least two plant MYB 
CACTFTPPCA1 810 YACT Tetranucleotide (CACT) key component of Mem1 of F. trinervia 
EBOXBNNAPA 827 CANNTG E-box of napA storage-protein gene of B. napus 
MYCATERD1 827 CATGTG MYC recognition sequence for expression of erd1 (A. thaliana) 
MYCCONSENSUSAT  827 CANNTG MYC recognition in promoters of the dehydration-responsive gene rd23 
GTGANTG10 832 GTGA GTGA motif found in the promoter of N. tobacum 
MYBCORE 841 CNGTTR Binding site for all animal MYB and at least two plant MYB 
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CACTFTPPCA1 845 YACT Tetranucleotide (CACT) key component of Mem1 of F. trinervia 
GATABOX 848 GATA GATA motif in CaMV 35S promoter; chlorophyll a/b binding protein 
MYBCORE 872 CNGTTR Binding site for all animal MYB and at least two plant MYB 
MYBCORE 898 CNGTTR Binding site for all animal MYB and at least two plant MYB 
GTGANTG10 946 GTGA GTGA motif found in the promoter of N. tobacum 
ARR1AT  947 NGATT ARR1-binding element found in Arabidopsis; response regulator 
TATABOX5 950 TTATTT TATA box in the 5'upstream region of pea glutamine synthetase gene 
    
   
N=G/A/C/T, Y=T/C, R=A/G, W=A/T 
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Appendix D: Maize intron sequences 
> iZm072416 (841 bp) 
       1 GTATACAACC GACCTCGTCT CCCCCGATTT CTCAACTACG TAGTGTATGT 
      51 ACGCATCGGT AGGTAGATGG GAATTTCGGG CCACTGGTTT GGGGGGTTTA 
     101 ATTTGCGCTA TCGTTTCGGT TTGCCTGTGG TTTCGGAGGT AGATTTGGGT 
     151 CGCAGGTAGG TTGTCGCTTG GATCTGGGAG AGGCGAGGAG CTAAATTCGC 
     201 ATAGCTTGTA ATAACTCACC CCGGTTGCTA TGAAAAGCCG TAGGCCGTAG 
     251 CTGCTGCTGC TGCTGTAATT TACTACTTAT TTTCTTCTAA TATAGGGGAT 
     301 TCCCTTCCTG CAACTTTTTT TTAAATACGG TTCTTGGTTA CTGGCTGGCT 
     351 TAGTGCAGTG GGACCTTGTT GCCATGAATG ATTGTTGCGC AATTTAGTAG 
     401 ATCATTAGAT TAGCACGACG TACCTAATCA TGGGTCCCGT GAATTTTAGC 
     451 CTAGTCCCCA TTATTTGCCC CTTAGTCACG CATGTGTTTG GTGTACTTCA 
     501 AGGAATCTGT CCATATGCAT CGGATCTATG GGTTCGGCCA TGATGTTGAC 
     551 ATTGAACTGT GGCCGTTCAT GTTCGACTTT ACCTTGCGCC CGAGCAAAAA 
     601 GAAGGATAAA TCGTGTGTAC CAATCTGGCT ATACGGCAGC TCGATATGTC 
     651 TGAATGAAGA TTGGGAGTAT TCTTCTGTTT ATTTATTTGT CAATTTTTAT 
     701 TCTGAATATT CATTTGTTCT CCAGTTTAGT AGTGCATCAT TAACACTTCA 
     751 ATTCTAGGTC TATTGCTATG GTATAGTAGC ACTCTTTCAA TCTTTCATGT 
     801 GTACAGCTGA TGCCTTATGT TGATCCCCTT CCTTGCTTTA G 
 
>  iZm000367 (1965 bp) 
       1 GTATCGAGCA ACCTCCTAAC CCTAGATTCT AACCATCTTT GATCTGTGGC 
      51 TGTCCGATTC TCTTGCGTTT GATTTCTGTT TGCCCTACTT TGGGTTTGGG 
     101 GTGAGTCGTC GATGGGGGCG ATGGGGGTTG TGAGGTTATT GAATTCGTGG 
     151 AGATCGGAGG CTGTGTGTAA TTCGGGAAAT TGGGGGTGAG GGTTTGTTCC 
     201 GTCGACGACG TTTCAGTAGG TCGTTTGAGT TTAGGAGAAT CGAGTCAAGG 
     251 GTTCTATCGG ATGTCTCCGA GGAGACTCGA GTCACGGGTT CTGATTACTG 
     301 ATGCTATAGG TGAACTGTAA CAGTTTTGCT GCTTTAGTTT CTGCAATCCG 
     351 TGCTGCCTTC ATGTTAATTA TGGGCACGAG TAGAGATTGC TTAGTTTAGG 
     401 GTAATTCTGA TGAAGTGGTG ATAACCAGGG TTCTATAGAA CGTAGAGTTT 
     451 GCTTGGCCCA TTAAGGGTTA AGGCCCCGTT TGGGAGAGCG CCACTCCCTG 
     501 ATTCTTCAAC TCTGCTCCTT ATTCTCCGAT GGAGTGATTC GAGTGGATTC 
     551 CTAGGAGGGA GCAGGGTTGG GAGCTGATGA GAATTGAATC TCTCCTGCTC 
     601 CCCACCATAA TATAACAGGG AGCAGGGTGA AGCAGTTTTT TTTAACTCCC 
     651 AGTGTAAATG GAGAAGTGAT TCTTGCCTGC TCTGCTCCCC ACCTGAATCT 
     701 GTGAGATTTA GCTGTTTAGC TTGGGAGGAG TGATTCTCGT GGAGAATCAC 
     751 TTCCATGAAG CCCTGCCAAA CGCCCCCTAA AACATGTGGG AGGACCATTG 
     801 TTATGATTTG TAAACTCACC ATGTAGCGTT TAGCATCAGA GCATCTCCAA 
     851 CAATGTCTCA AACTGGTGCC TCATATTGAA ATATGAGACT CTACACAAGA 
     901 AAAATTACTC GAACAGTGCC TCATTTCTTA AAATTTGGTC AAAAAATTGT 
     951 AGGGCACCCT CTCAAGTGCC TCAAATATAC TACACTGTAG TGGGCTGCCC 
    1001 TATAATCTAG ATTTGAGGCT TTACTGTTGG AGCGGAATGT TTTGTTGGTG 
    1051 CCCTAAATTC TATAAAATAT ACTCATTTTT AAATTATAGG GCATTTTATA 
    1101 GGTTACGTTG TTGGAGATGA TCTCACTAAC CTCCTTGGCT AGTACCAATA 
    1151 AAGTGTAAGA TGGTGTTATC TTTGGTTTTA TTTTGTTCTC AGGGGATATT 
    1201 GTAGTAAGTC TCTCCTTCCC CCCCTGGTAA ATCAAAGCTT TTATTCCACA 
    1251 TAGGGATTTA AATAAACTTG CAGCTAACTT CCTTTGTTTG GAAGCCTTCT 
    1301 GTGATGAAAC TGAAGTGCCA GTAAGGCAGT ACCTTGCTAG TAAGTTATGA 
    1351 ACTGGTGCAA TTGTTTGTAC TTTTTCTTTT CTTGCTTGCG GTAGTCTCTC 
    1401 CTTTTAGCTT GAGGTATGTG GAAACAATAG AGAGTTAGGT GTGTTTTAGG 
    1451 GGTATATACT GCATAAGAGA AATTTGAATG GCAGCAGCTC ACTGATTTAT 
    1501 GTTTGTCATG TGTGGTCCTC ATGTTGATTG ATGAGGAGAC ATAAGTACTC 
    1551 AAGGTTTGCA GATTGCGTCA CAATGTTGCC AGTTTACTAC TTGGCTGATT 
    1601 CAATTATAAA GAACAAACTG TTGTTTAGTG GCCTGGGTTG TACTATAACA 
    1651 TGTCATGTTA CATTTCATTT CTTTTTTACT GCCATACAAT ATTTGTTATG 
    1701 TTTAAATTTG GAACAGAAGT GGTTAGCATG TTTTATTTGT TAGGTAACAT 
    1751 ACACTGTCCA ATCGTTGCAA GCTTGATTTT TACTATTTAT GGCTCAGTGA 
    1801 AATTGAAGTG AAGTAGCCAT CTGATCTTTT CATCAGTGTT TTCTGAAAAT 
    1851 CATGTTCGTT GCCCTTGCCC TTTTTAAAAT TCTCACTTGG TCATATGATT 
    1901 TGGTTCCACA CTAGTTTAGT ACTGTTGTTT TGAATTTATT CTGACTCTCT 
    1951 CTTGTTAATG TTTAG 
 
 
>  iZm020302 (886 bp) 
       1 GTACGACGAT CTTCTCTTCC ATTTTCATTT TATACATCTG TATATAGATT 
      51 ATTAGCTGTT CATTGTATTC TACACCAGCA TTGTATTGTT TCAGTACCAT 
     101 ACTGTTTATT TGAAATTGAT TGTGTATTTC AGCATGTTTT ATGCAACCTA 
     151 ATATTATAGG GCATGATATA TTTATTGAAT TAGGTTGTAT TGTGTTATAG 
     201 CTTAGGTCGT TTGTCGAACT GTTAACATTG ATGCTGCATT TTTGGTGTGC 
     251 CGCTCAAGCT GTCAATTCTA TTGCTGGATT AGCCCTATTT CTCAATGTCT 
     301 GGGAGTTTGC TAGTCTAACT GATGAATTGG TTGCTTGCCC TAGTTTGTGG 
     351 TGAATCATGT ATTCTTTCTA CATTGAACTC ACCAAGCTAC CTGCTTCTCT 
     401 AACTTCTAAA TTAAATCCAT GAAATATGCC TTGACAATGT ATTTTTTGGA 
     451 ACTGTAGATT TTAGTATATG TCTTGTAAAA GCTTGGCCAG ATTTGAGATG 
     501 TTTAATTTAG GAGTAGGACA AAACTAAACC AACCTTGACT GTAGCTCATC 
     551 ATTTCCACCA TAGATTTACT TGAATACGTG AACTGAATGA CACATGATTG 
     601 TTTCACCTTT TGCTGATGTT CTTGGTCCTA GACACCTGCT CTGTTGTCAG 
     651 TTATTTTGCA TGTATATTGC TGTTCCCATA CGGTAGATTG CTAGTGTTAG 
     701 ATGAACTGTG CGTTGCATTT CACCACTAGA TTGATTACTA ATGTCTTCTT 
     751 TCTAGCCAAT CTGGCTACAC ATAATCTTTA TCTAGGCGCT TAGAAAAAAA 
     801 ATTGTACCCA GAAAAGGCCA AATGACTTCC AATTTGGAGC ATCTCATAGT 
     851 ACTGGAGTGA TGTGCTGATA TGTAATTTCC TTTCAG 
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>  iZm008083 (620 bp) 
       1 GTATGCCCTC TCCTCCCCTT TCCTTTTCTT ATGTTCCTTC CCCGCTGTGC 
      51 GACACCCAGC ACCTCAAACC CTAACAATTT GTATCCGGAT CTAGATCTGA 
     101 CTCGTTCACA ATGCATATGC GTTGTACACG CTACCCATCT CCTATGCTCC 
     151 TTCCCTTACA TGCGTAATTT CGATCTTCCT CGCAGCGCCG GCGCTCCATC 
     201 TTCCGCTCCC TCCCTTACTC GCGCTCGGCA CACAGGCGAC GGCGGCGGCG 
     251 CTCAGGATCG GGCTATCACC GACGGGGTCC GGCTTCTCCG CCCGCCTCTC 
     301 GCCACTCGTC CTCGCCTCCG GTCCTCCGCA CACCGGCCGG TGATCCTGCG 
     351 TGCGTGCCTC TCTCTCTCCT CCCGCCTCTG GTGGATCGTC AACGGCGCCC 
     401 GGCCTGAGGG CAGCGGGAGC CAGCAGCCGC TGCTCCGCCA AGAGGGTCGC 
     451 GCGCCGCTTT GGGAACGCTT ATGCTCCAAA GCTAAGCGTT ACCCGTCCTC 
     501 TTAGCGCTCC AGCGCCCTGA AGCGTGCGCT TAGTGCCGCT TTCTAGAACC 
     551 CTGTGTGGCA TAAACAACCA GCTGAAGTGG AACTGTTTCT GAGCACCCAT 
     601 TTTTTGTTTT TTCATTGCAG 
 
 
>  iZm067385 (607 bp) 
       1 GTAAGCCTCG GTTCCCCGTC GCTCCGTATC TCCCGTGGAA ATGGATGCGC 
      51 AACGCGTGTT CAATGGCGTA ACTGTCGCTG TGTGCTCGCT TGGCCGCGAG 
     101 CCCCGTATCC TCTCTTCGAG TGGAGAATGC GACTGGAACT AGCGCTCGAG 
     151 TAGCGCCTAT GCCGTGCCGC TCGCGAAGAA TCGCACCTGT GTATATCTTG 
     201 TCGTGGAGCT CCCGATCCAC GCTGCCAGGA GAACCCTGCA CGCAGAGCAA 
     251 GTGAGCGCCT GCACTGCCTG CTCTGTCTGG TTGACCGTAG TTGCTTGCTG 
     301 CACGCAGCTA CATGAAGTCT TCTCCTCTAG GTTTCCTAGG CGGACATTTG 
     351 GGTTTTCTTC TGATATATAC GTTCCACCCA GGAAGCATTT CGTACTGTTG 
     401 GTTCGAGCTT AACTGTGGGG TGGTTTCCTC GCGTGTACAC GTGATGGTGA 
     451 AATGTTGGTT TTTTCAGATT TATTAATGAT AAAAGGAACA CGTGTTTTCC 
     501 TGCGCTTATG CCATTCCTAT GATTTTTCTT TGATTGACAG CAGACAGCAC 
     551 TGCAATCAAT CAATTATAAC TGTCAAATAA TTTAGCTTTA GCACTTCTGT 
     601 ACAACAG 
 
 
>  iZm012294 (1364 bp) 
       1 GTAACCATAA TTATCCCAAA CTTCATCTCA ACTAGCAGTG AATGGCTGAA 
      51 AAAGACCATG CTGGTACACT AATGACTAGT CATGTCCGAT TACCATTGAT 
     101 TTTGACCAGC TGTCATATCA TTTTCTAAAA GAAGTAACTA TATATGCCTT 
     151 TTCTGTGGTA CAACTGTGGG GTAGATAAAG ATTAGACTGA AATTGATGGG 
     201 GCCACAGAAA ATACGATCTA GCAGATATAA AACCAGAACA CGGAAGGGGA 
     251 TTAGAGCTGG ACCAAAAAAT ATGGCAGGAA TTTTGTCTCT TTAATATTAG 
     301 GTATATATAG CTTTCACTAC TTTGAATGAC ACAGTTTGGA TGCAGAAACC 
     351 ACTAAGGGAC TTTTTTTTTC AACTTCTTTC TATGTTCTTG ATGTGATGTG 
     401 ATTACTCTAG CATATCATAC TAATACATGC CTTTGATTCA CATAGTTTTC 
     451 CCCGCCTTCT CAAAATATAA TTCCTGTATG TTACCTTCTT TTTGATCACC 
     501 TATTACCTCC TTGCTGACCT ACATATAATC ATTAATTTTC TATCATGTTT 
     551 CCAATGTGAT TAAATAGGCG TTGCTTGGTT ATTTCTTTCT CTCTTCCTCT 
     601 TTCATCCTTC TTAGTTCTTT TGCCTACTCT GATGAACCCT ATTGTTTTAC 
     651 AATGGGGAGT AGCACTTGCT AAGAGGGAAT ATTATGATGT AGGACTGTTT 
     701 ACACAAAAAA ATGTAGTGTA GAATTAGCAG GTGAAATGTT CTGGCCAAGT 
     751 GTCCATGCTA TAGAGGTTGT GTCTTATTTT TAAAAGCACC ATCCATAGCC 
     801 AAAGAAGTGA CACTTTTTTC ACCTGAAACA TGTGGCAGTG AATAGGGTAC 
     851 TTGTCTTTTT TTTTTGAAAA AAAATATATT TGTAATCGCC TTTTTAATTG 
     901 CTACTATTCA GATGGTAACA GCAGTCGGGC ATTAATACAT GCTATTGAAA 
     951 AATTTCTAGT GATAAAGAAA AGCGGAAACC ATTTAGGATT TCTAGTAAAA 
    1001 TTAAGGTCTG TATCCTTTTT CTGGATGGAG GTAGTACTCC ATATTACCTA 
    1051 TCATATATTT TAGGATGTAT TTTGAGACCA AAGGAGCTAG ATCAAGCATG 
    1101 CTGTAGTTAT AACGTGTCTT CTGTACAAGA GGTATTTTCC TTTATTATGT 
    1151 CCTTCATGAT TATATATAAG AAAAGAAAGG GTGGATCTTA TGAACTATAT 
    1201 TGTATGTCTG TTAGTCAGAG TTAACCATTG TTCATGGAAA TAGGGCTTGA 
    1251 AGTACAAAAA CTCTTTGTTC ATACAATCTT CATTCAGTGC TACGGCTACA 
    1301 TAATTCCCTT GAAACACTCT ACCATGAATT GCTTTATGAA AACCCATGCT 
    1351 TTCTTTTACA GCAG 
 
 
>  iZm070827 (1355 bp) 
       1 GTGAGCGAGG TTCTTTTTTT TCCTGTCGGC CGCCGCCGTG TGTTTCCGGC 
      51 GGCCCGGAGC GGTCGCGCAG GCCTCCCGGA TGTCTCCCGT TCCGCCCCCC 
     101 CCCCCCCCCC CCCCCCTCGT TTCGTTTACC CCGCGTCGTG TTTGGTGGTT 
     151 CCCTCGTTCG ATCCGTCCGT AGATCTGCTC CGCGCGCGGC GAGGCCAGGT 
     201 CTAGCTGCAT GCCCCTCCCG CGCGATTTCT CTGGGGAGGT GGAGGAGCTT 
     251 TGCTTGCCGG GGAGGATATG CGGCTGCGCT GCCTTCCTGG TCCTTGCGTG 
     301 CGCGCTATGC ATGCTTCTTG CCTCTGCTTT CGCCAGGCCG CTTGGCTTTG 
     351 GCATGCCGGC TTGGGGTGCC TTTGCATAGT GGTATACTAG GTGATCACAA 
     401 CTGCTCCAAA CGGGGGAATT GAACTAGGTA ATTCTTTTTT AGATGATTGT 
     451 GACAGTTAAT CTCACTCTCT TGTTAGGGAT ATTTGAATGC ACTAGAGCTA 
     501 ATAGTTAGTT GACTAAAAAA TTGCTAGTGA AATTAGAGCA ACTCCAAAAG 
     551 AATATGCAAA AATTTTCCCC AAAAAATGAT TATAGAGGGC ATACTAAAAC 
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     601 TGATTAGGGG TGGAATAAAA TGTTTACTCC AGCAGTTTCC CCAAAATAAA 
     651 AAACTAAAAC GAAATTGGAC CAACTTTTAA TGCATGTAGC TAGCCCACAT 
     701 ACATGTCGTT GGTTTTTTTT TAAATTTGCA TCCCCCTGCC TTGTGTTCTC 
     751 GCACACCAGC GCAGGACACG CCCGCCACGC CACCAGCTAG TGCGCGCACG 
     801 TACGCAGGCG ATTGGGGAAC TTTCTTGTCG CACATATTTG AGGGACGCCA 
     851 ATCCTTGTTT GTGGGTCGCG AAAAAATGCG AGCAAGGAAG GGGATTCTGT 
     901 TGGAGTATGG AAATCAGCGT TTCTTTTATA AAAATGGTTT TGGGAAGCCT 
     951 TTACGTGTTT TCTTGGAGAT GCTCTTAGCT AGCTAACAAT AGCTAATTTG 
    1001 CTAAAAATAG CTAGTAGCTA AACTATTAGC TAGACTGTTT GGATGTCATC 
    1051 GGCTAATTTT AGCAGCTAAC TATTATCTCT AGTGTATTCA AACACCCCCT 
    1101 AAGCCATGGT GTGATTGGCA GGTTTGTGAT GTATGTTTTG TCTTGTTGCG 
    1151 ATTTCAGTTC TGTTTGTGGA TAAGGATTTT CTGAATTGTT GAGTTTTCAT 
    1201 TTCTAGCAAG CCTAGTTTGT GTGAATTAGC AATAGTTAGA TGGCTGTAAT 
    1251 TCCCCAATTC TACTACCTTG TGCCGCAGTC CTCGGCATTT TAAGAAGGGT 
    1301 ACCATGTCTC GGCTATGTGC TGCCACCTTT TTTTATGGAT TTTACTTTGT 
    1351 GACAG 
 
>  iZm043026 (712 bp) 
       1 GTATGCCCCT CCCTCTTCCA CCCCATGGCG GAGAGCTCGA TTTCTCAATC 
      51 AATCGATGCC CTTCGCCCCT CGCTTTCTCC TCAACGCCCG CGACTCCACC 
     101 AAGGTTCTCC CGAGGTTTCT GTAAGGTGAC CAGATGTGAG CGTGAAATCA 
     151 TTACCAGGCA GGAATTGGCA CACGGTTGTT TTGATGTCGT GTTGTCGAGG 
     201 GACCGAAGCC AGATTTACAC AGCCCATCAC GATCTTTTGA CTTCGCATTC 
     251 CTTATTATCC TGTTGTATAG GTCAGTTTTT AGCTTCTGTA TTGATTCGTT 
     301 CGCTTTCCAA CATGCCAAAA GGGGCCTGTT TGGAGCATGT AAATTTTGGT 
     351 TTGTTGTCTA CCATTTTTCT TCATCGGTGT CTAACTCGTG CTGCTAGGCC 
     401 GAAGGGTTAG CTGTTTCATC TTTTGGTTTT GTTTCTCTAA TTTTACAAAT 
     451 TCTTAGTGGA ATTATCACCT TTTTAAAACT GTGCTGTTTC AATACAGGAG 
     501 TGCTGAACCT GTCTCTCATT TGTCTCTCTT TTCTTTTTTG GAAAATGTTG 
     551 TCCAGTTTGC TTGGTGCATC AGCCTTCTCG ATGAATGCTT TACTGTGTAA 
     601 ACCCTTCCGT GAGATCATCT ACAGGAGTTC CTAAAAGAAT CTAAAAAAAC 
     651 AATTAGAAAA TCAAGAGTTT TTAAGTGGCT AAAAAAGGTA TGAGCATATA 
     701 CCCACTTTTC AG 
 
 
>  iZm055989 (1185 bp) 
       1 GTACGGTGGC GGTCGCGCCT CGGGACCTCT CTACTTTTGG TTGTAGATTC 
      51 TCAGCTGTAG GCGCTGTTGC TTGGTTAGGG AATCGGGGTC TCAGTGCTCG 
     101 GATTGGTGGC GAGGGTGTTG GTTCTGCGTA AGAAAGGTAG ATTTTACTTC 
     151 GTCCAAAAGA CCTATTGTAG GATTCGAGGT AGGATTTGCC GAGGCGGTGG 
     201 CTCAAATTCG ATTATGGAAT TTTGATTGGA CTCTAGGACA CTCCTTTGTA 
     251 GGGGAAAGCA TGAGATATTT GATGGCCAAC ATCAGTTATA CGTCCATGGT 
     301 CGGCGAAAAT CAAGTGTAGC TGGCTGAGCT TTACTTCTCC TTTTGGCTGC 
     351 AAAACGCCAG GATTTGAGTT GCTAGATTGG TTCCTGCTGC TGTATAGTGT 
     401 TACAGATTAA TGAACGGTAA CAATGAATGA CATAATTCTG CGATTAGAGC 
     451 TTACACGTGT TTGCCACCAA ATATTATGAT TAGGGGGACA TGCTACATTT 
     501 GTGCTGACTT CATGCTATTA TATTCTAATG CTGGTTTGGT CACAGTGCAG 
     551 CAATTGAGAT TTGAGAAGGA TTGCAGTTTG CAAAAATCAG TGGAGAATGT 
     601 GGCACATTTG ATGGTGTGGA GACTGGTAGC ATAGGATTGA CTATTGAGCC 
     651 ACTGGAGCTC ATGGTAGCCT TGTTAACTAT AGATCTAGGT AGCTTATTCT 
     701 CAATTCATTT TTTGATGTTA GATCTGAACA TGGTGCTATA GTTTCTATGC 
     751 TTGAATGCTA AAACCTGAAA ACAGTTATTT TATTTGGATG ACAAGCTAAC 
     801 TTGTCACGGC TGGTACCATG CCAACGGCGC GAACAAATCT ACAGCTGGCG 
     851 TATACATATT TGGTGTTGGT ATGTCATATG TATGCATGGG CACACAAGGT 
     901 AGAGTTAGCC TCTGTCTTAT AAGCCACTGC CATGCAAAGG TAGAACCCAG 
     951 ACAACGAACT AGAAAGGAAT CAAATCGGAG AGGAACCTTT TCTCGTCCAT 
    1001 TTCCCCAAGT TATCTCTGCT TGTGATCTTG CTCACGTCCC GGCACCTTTC 
    1051 CGCGGCTGCG GGTAGTTACA TAACGTCAAT GCGAACCTTT TCTGTACGGA 
    1101 ATTCATAAAG CAAGAAATAA TCCTTTCTAC AGATTTTTGT CATTCTTTTT 
    1151 TAAATGCTTG CACTGAAGCC CCTTTTTCTT TTCAG 
 
>  iZm062989 (1322 bp) 
       1 GTAGGTGCAC GGTGCACCCC CCCACCTTTT TCGTCTGCAA TCACTCCCTT 
      51 CCCTACTTCT CTCCTGTTCT TATTGGGCAT CCTTGTCTTC GTGGTAGTCT 
     101 ACTATCTCTA CTCAATCCAC CTGCATTTTT TGTTGCATTA GATCAGCAAT 
     151 CTAATTTCAC ACTAATCGGC CACAACAAGA GATTCTTCTC GACAATCACA 
     201 TGGTTACTCT TTGAAATTGC CTCGTGGGGA CTGCTGCTGC TGGGTTGGGC 
     251 GGTTTCCTGG GACGCGGATA TGACCAGCTC GTTTCGTCCT CTTCTGAGTT 
     301 CCGAAAGATT CCATTTTTCT CCGCATGTTT CTTATAGTTT CTACGCAATC 
     351 CAGTGTAGTG TCTCTTTTCT TTTGGTCCCC ATTATTGTGA AATGCTCGTT 
     401 TCCTTCTTTG AGGACTCCCT TGTTGTATTC GCAACTTCCT CCGGATTTGC 
     451 CGTCGATCCT GCCACACTTG GTACGATGGC ACAGTAAAAG CACTTCTGTC 
     501 TTTGGTGAAC CCAATTCTGT TTTCGCAGTA ATTTGGAGCC AAACCTTGTT 
     551 TCTTCACAGC CAGCAGTCAA AAAGTTTCAG TAATTCGTAC GCAGCCCCAC 
     601 TCCTGTTGTT TTTATTAAAA TTACAGAAGT TATCTTCTGG GACATTCCCC 
     651 TTGATGCAAG TTTTTGCTGG TTATATTTGC ATGCGTTGAA CAAGGGTTGC 
     701 TCATTTTAAA ATCTGGTAGA TTGTAACCTT GTTTAAACAT GTTGATTTTA 
     751 TAACTTCTTA TGACTCAGAG CATGGATCAT TTCTGGGGAG TCATCTCGGC 
     801 TTGTGGTCCC CAAACTGGGA AAAACTTAAA CCCATTGGAT TTTCTAGATC 
     851 TTCACTATGA TTGTCACTTC GACATATTTC TTTGGATTGG ACACATAAAA 
     901 TGGCTGTGGC TAGCAACAGA GAGTGCCTAG TTTCTTTTTT GAAAGAGTCT 
     951 CCATTCATTT TAACATCTGG AAATAATTGG AACATTCTAT TTAAACTGGT 
    1001 CCACTTACAG TTCTGTATTC TCTCTTTAAT TCCCTGTTAA CATTCTCCAA 
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    1051 TGTTTGGTCG TGTGTTTGCT GTTGCACTAA TGTCACCTTA GGATACTCAG 
    1101 TGTTGACTGT TGACTGACAG AATTTGTTGT GGACGTGGCT GTAATTCTGT 
    1151 GCAAAATCTT GGAACCTCGG TTACTCATTC TTTGTTTTGA ATACGTGTGT 
    1201 TCTTTGTATA TATTCTGATA TTTTCATTGT TTAGCTGATT GTTTCTGTAT 
    1251 GTTTTTATCC AAAAAAATGT TTCCTGTATG TTTATTCTCA TGTTCACATT 
    1301 TTCCCCCGTT AACCATTTGC AG 
 
>  iZm000850 (543 bp) 
        1 GTAAGTTCCC TATCCCTCCT CGCTTCCGAT TGGGTCGGTG ATGGGCTCGT 
       51 CGAATCTAGA GCGTGGTTGG GAAGTTCGGC GGAACGGCCG ATCTTTCCGC 
      101 CGGCCGCCCA GTCGGGTCGT TCGGTCGCCG ATTCGGCCCC GATCGTGAGC 
      151 TTTTAGAGGG TCTCCCTTGT TCCTTTGCTT GGTAGTTGCT GCGCTCTTAG 
      201 TCCAGTGTTT GGAGTCTTAG TTTTGTTGGT CCCCATGCCG GAAATAGCAT 
      251 ATTGTTGGAC GCGCCGTCAC CGGTAGCCTA GGAATGACCT AGATCCGTGC 
      301 CTTTGATTCG TTCGGTCGCG TTGCTCCCGC GTAGCCTTTT TTGCTCGGGG 
      351 CTTTCGGAGC CACTACTATT TTGTTTTACT CTTTGATTTT GTCGTGGATG 
      401 TGTTCACCAA GTTTGTTGTA GGGTGTGTTG GCTTGTGCCT TGTGGGCAGG 
      451 AACCGAGATG ATATCATGAG ATATAGATGC TTGTGTTATG ATACCTAACG 
      501 ACGTTCTCTT GTTATTGTGC AGCGTTCTCT TGTTATTGTG CAG 
 
>  iZm003842 (1726 bp) 
       1 GTCACTCACT CACTCACCCC GTCTATTTTC CCTGGCTGAA ACATGAGTTT 
      51 GCATTTGACC TGTTACTTGT TAGCTTTTTA TTTTCTTTCT GTTACTTGCA 
     101 TTTGATAATA CTAATTTCTA AGTCTGCTTA GTTACTGTTT CGTGGCACCC 
     151 TGTTGACTAT GAAAATTGTC TACTCCCTCC GATCCCAAAT ACAAGTCCAT 
     201 TTAGCTTTGT CCAAGGTCAA ACTTTTTTAG CATCAGCCAT CATTGACCAA 
     251 ATTTAGATCG ATAACATGGG GTTGCTGTTA CTGCATGTCT GCATTTGTCA 
     301 TGAAATATAC TTCCAGAATA TATAACACTT TTTATTTAAA GCAACATATT 
     351 CTTATTGACA CTATTAGTCA TAGTGTAAAA ATGGAGACCA AATTGATGTC 
     401 CTAGTGGACT TATTTGGAGA TTATTTTATT ATCCAGCAAG TACTGCCAGA 
     451 TTCCAGTTGT TTATTTATTT GCTTTAGTAA GACAACTTGA TGATTTGGCA 
     501 CTTCTGGTAT TGGGTATGAA TAAATGCCTT CAATTTCTTT TACTTTATTA 
     551 AATCACTTTT CTACTGCATT TTCCAGCCAC CTTTTCATGA AAGCATATTT 
     601 TCCACCCACC TGAATTGACT CTTTACAACC TTTTCCTGAT ATGGAAGTGA 
     651 CAAATTTCAC TCTCCTTTGC ATTAGACATT TTTTCTATAG TGCAAATGGA 
     701 CCTGAAATTT GTCAGGTTTG CAAACTTTTT TTAAAAAAAA GAACTTCTGG 
     751 ATTGGTTTTG TGTTTTCCTG ACGCTGCTCT TTCCAGTCCC ATCCATTCAT 
     801 TTGCTCTCCA GCATTGCTCC TGCTCGTAAT CCTTAGTGCC TGTCATTGAT 
     851 GTCTCCCTGC ATTTATCAGT ACCCCTGTCC CCTGTGATAT GGTCTCTGCT 
     901 GCCTCATCCA GTCGTTGTTG AGCCTTATGT CGTAGCATTC AGCAGTTCAT 
     951 CCTGGCCCAT CCAGCCTTCC CTTTAACCCA GGCGGTTGAA CAGTGCCAAT 
    1001 TTATTTTCAC TTTGTGTTAA CATTAAAAGG TATTGAACTG GTCTAAAAAC 
    1051 AGGCAAACAA ATCAATCACT TCTTATTTGT TTCTATCAGG ATTCGCCCTT 
    1101 TATGTTGTGT TGTAAAGCTA CTATTTCTTA GCGGTATGGC TATGCTCGTG 
    1151 TATGATAAGA ATGAACTTGT GCCATTTATC TTGTTATTGA ATGCCAGCAA 
    1201 GAATTTTTTT TGTTGCCACA CCTAAAATTC TACTGCATTC AACCTTCGTT 
    1251 TTAGAGGTAG GCATCTACCT AACTCATATA TTTAAATGTT TTGTTTTTAT 
    1301 AATTTAATAA ATGGCTAAGA TCAATTTTAC ATTGAACATT CTTGTTGTTA 
    1351 ATTGTTACTA GAAGTATTTT CTATTGGATC AAAATTTTGC TGCTGTCTGT 
    1401 TCCTCAACTC TTCATAGCTT TGGTCATGAT GTCAAAATAT TGCTCAATAA 
    1451 CAATCAACTA GATATCCCCA ACATAAACAT AATCAGTATA TAAATTTTTG 
    1501 GTCTGGGCAC TCCCTTAGAC CTTAGTACAC ATGTTGAATT TGTTTGGCTG 
    1551 AGTTCTATGG GTGCTTTGGA TAAGTTCTTT AGGATTTCGT ATGTGTTAAC 
    1601 ATGACATGTT ATCTGACCCT TGTTTTAAGC AGTCGTAAAT ACTACTTATG 
    1651 TTTCCTTTTC TGTGGTAGCT TTCTGACTTC TGAGTATATT GATGGGTTGA 
    1701 TGTACTATGG ACATATCTTC ACACAG 
 
>  iZm054585 (527 bp) 
       1 GTGAACTGTT TCTCCTCTCT CTCTTTTTCA TTTCATTTTT ATTCCAGAAA 
      51 GTATTGTTGG TTTGCGGCTT TACTTCCTCT GTGCAGTAGG CAGTGCCAGT 
     101 TGAAGTGTAG TTCTTTTGTC TCCGATCATG GTCGCCTGTG ATTTCTGTTC 
     151 TTGCGAGGGT TTGGTGCTTG CCGCGGTGGG GATTGGTGCG GGTTTTCGTC 
     201 AAACGGCGCC TCATGTGTTT TACTTCTTAC AGTAACTATT TTAGTTGCGG 
     251 ACTTGCGGTT TTTCTTTGCA TCGTGTGACA AGTTCTCTCG AAGAACAGAA 
     301 CTGAAATAAA CCCAGCATTA CTCAGGTTTG GTGATACGAT CGAAGCAGAC 
     351 TACTCTTAGC AACCCATTCA GATGAATCTG CTCTGGGCTG CACTATGCTA 
     401 GTTTATAATT TGAAATTAAG CTGATGAAAC TCATTTATAT GGCCGCAATG 
     451 CCGTCTTCAG TATATTGAGT ATTTTGGTAC TGGTAATTGG TTCTATTCAT 
     501 TTCATCCATT TGTTGTCAAC AAAACAG 
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Appendix E: ARR1 and IMEterV2 motifs in the investigated maize introns 
 
 
 
 
 
 
 
 
i Z m 0 7 2 4 1 6
84 1 b p
IMREt erV2 ( 25)
ARR1 (25) ARR1 (141) ARR1 (297) ARR1 (379)
ARR1 (407)
ARR1 (658)
i Z m 0 0 0 3 6 7
19 65 b p
IMEt erV2 (55)
ARR1 ( 24)
ARR1 ( 55)
ARR1 ( 70)
ARR1 ( 292)
ARR1 ( 384)
ARR1 ( 499)
ARR1 ( 535)
ARR1 ( 545)
ARR1 ( 667)
ARR1 ( 704)
ARR1 ( 731)
ARR1 ( 804)
ARR1 ( 1009) ARR1 ( 1254)
ARR1 ( 1493)
ARR1 ( 1525)
ARR1 ( 1560)
ARR1 ( 1596) ARR1 ( 1774) ARR1 ( 1896)
i Z m 0 0 0 8 5 0
52 2 bp
IMEt erV2 (27) IMEt erV2 (129)
ARR1 ( 27) ARR1 ( 129) ARR1 ( 304) ARR1 ( 384)
i Z m 0 0 3 8 4 2
17 26 bp
ARR1 (418)
ARR1 (448)
ARR1 (491)
ARR1 (749) ARR1 (1089) ARR1 (1582)
i Z m 0 0 8 3 8 0
62 0 b p
i Z m 0 7 0 8 2 7
13 55 b p
IMEt erV2 (223) IMEt erV2 (809) IMEt erV2 (1149)
ARR1 ( 223) ARR1 ( 444) ARR1 ( 577)
ARR1 ( 601)
ARR1 ( 809)
ARR1 ( 892)
ARR1 ( 1112)
ARR1 ( 1149)
ARR1 ( 1174) ARR1 ( 1337)
i Z m 0 1 2 2 9 4
13 64 bp
IMEt erV2 (87)
ARR1 (87)
ARR1 (97)
ARR1 (179)
ARR1 (248)
ARR1 (399)
ARR1 (434)
ARR1 (557) ARR1 (986) ARR1 (1157)
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i Z m 0 2 0 3 0 2
88 6 b p
ARR1 (46) ARR1 (117) ARR1 (276)
ARR1 (456)
ARR1 (489)
ARR1 (562)
ARR1 (595)
ARR1 (685)
ARR1 (728)
ARR1 (732)
i Z m 0 4 3 0 2 6
71 2 b p
IMEt erV2 (38)
ARR1 (38) ARR1 (211) ARR1 (292)
i Z m 0 6 2 9 8 9
13 22 bp
ARR1 (180) ARR1 (306) ARR1 (443)
ARR1 (718)
ARR1 (743)
ARR1 (837)
ARR1 (858)
ARR1 (884) ARR1 (1236)
i Z m 0 5 4 5 8 5
52 7 b p
ARR1 (139) ARR1 (180)
i Z m 0 5 5 9 8 9
11 85 b p
I M Et e r V2 ( 209)
I M Et e r V2 ( 441)
ARR1 ( 45)
ARR1 ( 100)
ARR1 ( 139)
ARR1 ( 170)
ARR1 ( 182)
ARR1 ( 209)
ARR1 ( 223)
ARR1 ( 360)
ARR1 ( 374)
ARR1 ( 404)
ARR1 ( 441)
ARR1 ( 477)
ARR1 ( 557)
ARR1 ( 568)
ARR1 ( 634) ARR1 ( 1131)
i Z m 0 6 7 3 8 5
60 7 b p
ARR1 (466)
ARR1 (520)
ARR1 (531)
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